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Abstract 
Rutherford in 1911, carried out a series of experiments by bombarding 
a piece of gold foil with positively charged particles emitted from the ra-
dioactive source and showed that atom consists primarily of empty space 
surrounding a well defined central core called nucleus with a radius ?» 10~^^ 
meter. The discovery of neutron in 1932 established that nuclei are made of 
neutrons and protons, called nucleons. 
In 1919, Rutherford was able to demonstrate the first artificial transmuta-
tion by irradiating a thin gold foil with a-particles obtained from radioactive 
source, which opened the new era of research in nuclear physics. There are 
basically two scientific motivations for the research in nuclear physics, one 
of them is to get the information about the properties of the nucleus and 
the other is to understand the behaviour of the constituents of the nucleus. 
A nuclear reaction may take place when an energetic projectile comes close 
enough to a target nucleus within the range of nuclear forces, leading to the 
emission of nuclear particles and/or electromagnetic radiations. 
In a nuclear reaction, the properties of the system are well defined and well 
known before and after the reaction has taken place. However, what happens 
during the reaction is still not well understood. Being a quantum mechanical 
process, it can not be visualized directly. Thus, the theories or nuclear models 
have been proposed. In 1936, Bohr proposed the compound nucleus (CN) 
model to explain the nuclear reaction mechanism. According to Bohr, a CN 
is formed when the incident particle fuses with the target nucleus, shaxing its 
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energy and angular momentum among all nucleons through random collisions 
till the thermodynamic equilibrium is established. The Ufe time of compound 
nucleus is long enough TH 10~^^ sec. In this model it is assumed that the decay 
of CN is totally independent of its mode of formation. This is known as Bohr's 
independent hypothesis, which says decay of CN is totally determined by its 
good quantum numbers viz., the excitation energy, angular momentum, spin, 
parity etc. 
In 1950, Ghoshal[l] experimentally verified the validity of Bohr's inde-
pendent hypothesis. The compound nucleus reaction mechanism is more af>-
propriate at lower values of excitation energies, however, at relatively higher 
excitation energies the direct reaction mechanism, in which only a few de-
grees of freedom are excited, is more likely to occur. The time scales on 
which these two reaction mechanisms i.e., CN and direct rea<;tions occur are 
quite different to each other. The time scale of direct reactions is w 10~^^ 
sec, which is typically the time taken by the energetic projectile to pass 
through the target nucleus. There are several experimental and theoretical 
observations [2] which indicate that particles may also be emitted from the 
excited composite system before the establishment of thermodynamic equi-
librium. This is generally referred to as pre-compound or pre-equilibrium 
(PE) emission. 
Several models have been proposed to explain the reaction mechanism. 
They describe certain aspects of nuclear structure and mechanism, but none 
of them gives their complete information. More and more experimental data 
is needed for the better understanding of the reaction mechanism. Thus, the 
nuclear physics is still experimental subject to be studied in many respects. 
During the past decades, major research efforts have gone into the study of 
nuclei by means of probes which excite the nuclei in a moderate way mainly 
by bombardment with the beams of protons, neutrons and a-particles. Later, 
the availability of precise beams of heavy ions have opened a new horizon 
in the study of nuclear structure and nuclear reactions. The two Pelletron 
eiccelerators, one at the Nuclear Science Centre (NSC), New Delhi and the 
other at the Tata Institute of Fundamental Research (TIFR), Mumbai be-
came available for heavy ion (HI) experimental research in our country in 
early 90's and gave a big boost to the study of HI reactions. 
The study of reactions involving heavy ions tend to differ from the light 
ion induced reactions in many respects. The de-Broglie wavelength associ-
ated with relative motion of interacting Hi's is much shorter than that for 
light ions, typically an order of magnitude smaller than the size of nuclei. 
Since Hi's consist of a larger mass in comparison to light ions, the angular 
momentum of Hi's with respect to the centre of mass is very large. Most 
important feature of HI reactions is, (since a HI is a multi-nucleon system), 
that a variety of reactions may occur at energies slightly above the Coulomb 
barrier. Therefore, heavy ion induced reactions give way to the possibility of 
producing nuclei with high excitation energy and high spin. Nuclei far away 
from the neutron drip line may also be produced in HI interactions. 
The study of heavy ion induced reactions starts with the extrapolations 
from the existing knowledge of nuclear structure and reactions, their gener-
alization or modification in order to encompass new experimental findings. 
Because of the small de-Broglie wavelength of the relative motion A as com-
pared to the nuclear size, one can study heavy ion reactions semi classically. 
In semi classical approach, the radial motion is treated classically and angular 
motion is treated in the central field quantum mechanically. In semi clas-
sical approach the impact parameter b is related with the minimal distance 
between the two interacting ions rmin by the relation [3], 
V ^ ^ ~ EcM J 
where, ECM is the center of mass energy and V (rmin) is the nuclear potential 
acting between the two ions. 
The collision between interacting ions may be explained by the effective 
potential depending on distance and relative angular momentum having the 
form, 
Vi{r)^Vc{r) + Vn{T) + Vcent{r) (2) 
where, Vc{r) is the repulsive Coulomb potential and is given by 
^ ' ^ ^ ^ - ^ ^ " ^ 
for T > Re 
for r < Re-
Vn{r) is the attractive nuclear potential, which may be taken as Woods-Saxon 
form given by, 
where, 
W = ^ ^ ^ • (5) 
R = roiA'J' + Af) (6) 
and 
Vcentif) is the repulsive centrifugal potential. 
K..« = £ ^ (r) 
Here, Zp, ZT are the atomic numbers of the projectile and the target 
nuclei respectively, r is the relative separation between the interacting ions, 
Re the radius of the target nucleus (assumed spherical), / the angular mo-
mentum, fj, the reduced mass of the interacting nuclei, Vo is the depth of the 
potential, a is the diffuseness parameter and ro=1.31 fm. 
The two ions may come within the range of nuclear interactions at still 
lower values of impact parameter. Classically, nuclear reactions may take 
place if the center of mass energy {ECM) of the two ions is high enough to 
overcome the Coulomb barrier. The projectile may fuse with the target and 
a variety of reactions may occur. 
At lower incident energies and for relatively lower values of impact param-
eter, the projectile may completely fuse with the target nucleus, transferring 
the total angular momentum to the composite system. This composite sys-
tem is far from statistical equilibrium as a large part of its excitation energy 
is used for an orderly collective translational motion of the nucleons. This 
complete fusion of heavy ion with the target nucleus is assumed to proceed 
by a sequence of two-body interactions, which results in the conversion of 
orderly kinetic energy of the incident ion into chaotic thermal motion of nu-
cleons. The randomization process ends when the composite nucleus reaches 
a state of thermal equilibrium making it a compound nucleus. Once the 
thermal equilibrium is achieved, the accumulation of sufficient energy on a 
single nucleon/cluster may occur by a random sequence of events and particle 
evaporation may take place after a sufficiently long time. 
At relatively higher excitation energies and large impact parameters, the 
angular momentum of the projectile may be too large for the composite sys-
tem to hold. In such cases, only a part of the projectile may fuse with the 
target nucleus and the remaining part is stripped off. This is called incom-
plete fusion of heavy ion. The angular momentum carried by the composite 
nucleus now depends on the mass of the fused fragment [4]. 
Further, at higher excitation energies and low impact parameters, a com-
posite nucleus may be formed and it may happen that during the process of 
thermalization, nucleons or clusters still possessing considerable energy are 
emitted into continuum. These nucleons have average energy higher than 
that of the nucleons evaporated from the compound nucleus and are typi-
cally called as pre-equihbrium particles. The incomplete fusion (ICF) may 
also be looked as a kind of pre-equilibrium reaction where the path of com-
plete fusion (CF) is hindered by the emission of a cluster. Though, PE 
emissions is likely to be important at higher energies, however, some recent 
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experiments [5, 6] have indicated that their contributions are significant even 
at energies only sUghtly greater than the Coulomb barrier. 
There are several techniques for the study of reaction mechanism, at 
medium and low energies, however, useful information can also be extracted 
from the study of the measured excitation functions of nuclear reactions in-
duced by heavy ions [2]. In the heavy ion reactions, the final state has a heavy 
residual nucleus, light ions and/or 7 rays. In most of the experiments the 
properties like, charge, energy distribution, angular distribution etc., of light 
particles and/or 7 rays emitted in such reactions are measured. However, 
considerable information about the nuclear reaction mechanism may also 
be obtained by studying the properties of the heavy residues. These heavy 
residues may be identified by their characteristics like charge and mass using 
an appropriate recoil mass separator or by measuring their energy loss in a 
medium along with the time of flight. They may also be identified by their 
characteristic X-rays and 7 rays and, if radioactive, by measuring their half 
lives. 
Activation technique is one of the simplest but powerful method of mea-
suring the excitation functions (EFs) to deduce important information about 
the nuclear reaction mechanism. In this technique, the activities induced by 
radioactive fragments in the target and catcher assembly are measured off 
line. The main advantage of the activation technique is the possibility of mea-
suring excitation functions for the production of a large number of residues 
in a single irradiation, reducing beam-time requirements. 
In the heavy ion reactions at moderate energies, a large number of re-
action channels are open and the analysis of excitation functions for these 
reactions may provide significant information about the complete and incom-
plete fusion/pre-equilibrium emission. The slowly descending tail of the EFs 
is one of the important signatures of pre-equilibrium emission. 
In the case of complete fusion large momentum is transferred and the 
composite system recoils in the beam direction to a larger distance. However, 
in case of incomplete fusion, the fragments recoil at larger angles and hence 
at distances that become increasingly smaller with the decreasing mass of 
the fused projectile fragment. As such, information regarding complete and 
incomplete fusion in heavy ion reactions may be extracted from recoil range 
measurements of the residues. In the incomplete fusion process, the linear 
momentum carried by the incident projectile is not transferred completely to 
the composite nucleus, while in the case of complete fusion the entire linear 
momentum of the projectile is transferred to the composite nucleus. Some 
earlier studies [7, 8, 9, 10, 11] showed that a careful recoil range distribution 
(RRD) study is quite helpful in separating individual contribution of CF 
and ICF channels even at energies as low as 7 MeV/nucleon. A significant 
contribution of incomplete fusion to the total reaction cross-section has been 
observed in these studies. 
As part of a program [12, 13, 14, 15] to study CF, ICF and PE emission in 
heavy ion induced reactions, activation technique has been used to measure 
the EFs for the reactions 
I28re(i2^,3n)i37-C7e, '^^Te{'^C,5ny^^Ce, '^^Tei'^'CpAny^La, 
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i59j^b{'^0,any'''Hf, ''^Tbi'^0,a2ny^^Hf, '^^TbC^O,2a2ny^^Tm, 
'^^Tm{'^0,3nY^^Ir, ^^^Tm{^^OAnY^^Ir, '^^Tm{0,p2ny^^0s, 
'^^Tm{^^0,p3ny^^0s, '^^Tm{'^0,aY^'Re, ^^^77X1^^0,0371^^^ Re, 
^^^Tm{^^0,2ajmf^^Hf and ^^^Tm{^^0,3an)^''^Lu at energies near and well 
above the Coulomb barrier. The experiments have been carried out using the 
HI beams from the Pelletron accelerator at the Nuclear Science, New Delhi, 
India. The measured EFs for various residues in these systems are compared 
with the statistical model calculations based on computer codes viz., ALICE-
91 [16], CASCADE [17] and PACE2 [18]. These codes do not consider ICF 
into account. As such the enhancement of experimentally measured EFs as 
compared to theoretical predications may be attributed to the role played 
by ICF. Further, to separate out the relative contributions of complete and 
incomplete fusion in ^^0 +^^^ Tm system at a 87 MeV, the RRDs of sev-
eral residues have also been measured. Analysis of the data has indicated 
significant contribution from ICF for several reaction channels. 
References 
[1] S.N. Ghoshal, Phy. Rev. 80 (1950) 939. 
[2] M. Blann, Ann. Rev. Nucl. Sc. 25 (1975) 123. 
[3] P.E. Hodgson, E. Gadioli and E. Gadioli Erba, Introductory Nuclear 
Physics, Chapter 23, Clarendon Press, Oxford (1997). 
[4] M. Crippa, E. Gadioli, P. Vergani, G. Ciavola, C. Marchetta and M. 
Bonardi, Z. Phys. A 350 (1994) 121. 
[5] P. Vergani, E. Gadioli, E. Vaciago, E. Fabrici, E. Gadioli Erba, M 
Galmarini, G. Ciavola and C. Marchetta, Phys. Rev. C48 (1993) 1815. 
[6] D.J. Parker, P. Vergani, E. Gadioli, J.J. Hogan, F. Vettore, E. Gadioli 
Erba, E. Fabrici and M. Galmarini, Phys. Rev. C44 (1991) 1528. 
[7] B.B. Kumar, Anil Sharma, S. Mukherjee, S. Chakrabarty, P.K. Pujari, 
B.S. Tomar, A. Goswami, S.B. Manohar, and S.K. Dutta, Phys. Rev. 
C59 (1999) 2923. 
[8] B.S. Tomar, A. Goswami, G.K. Gubbi, A.V.R. Reddy, S.B. Manohar, 
Bency John and S.K. Kataria, Phys. Rev. C58 (1998) 3478. 
[9] B.B. Kumar, S. Mukherjee, S. Chakrabarty, B.S. Tomar, A. Goswami, 
and S.B. Manohar, Phys. Rev. C57 (1998) 743. 
[10] D.J. Parker, J. Asher, T.W. Conlon, and I. Naqib, Phys. Rev. C30 
(1984) 143. 
10 
[11] B.S. Tomar, A. Goswami, A.V.R. Reddy, S.K. Das, RP. Burte, S.B. 
Manohar, Bency John, Phys. Rev. C49 (1994) 941. 
[12] Manoj Kumar Sharma, M.Phil. Dissertation, Aligarh Muslinn Univer-
sity, Ahgarh, India (2000). 
[13] Sunita Gupta, B. P. Singh, M. M. Muthafa, H. D. Bhardwaj and R. 
Prasad, Phys. Rev. C61(2000) 064613. 
[14] Sunita Gupta, B. P. Singh, Manoj Kumar Sharma, M. M. Muthafa, H. 
D. Bhardwaj and R. Prasad, International Journal of Modern Physics 
6(2001) 1-9. 
[15] Manoj Kumar Sharma, B. P. Singh, Sunita Gupta, M. M. Muthafa, H. 
D. Bhardwaj,R. Prasad and A. K. Sinha, submitted to the Journal of 
Physical Society of Japan, (2002). 
[16] M. Blann, NEA Data Bank, Gif-sur-Yvette, Prance, Report PSE.-
146 (1991). 
[17] F. Puhlhofer, Nucl. Phys. A280 (1977) 267. 
[18] A. Garvon, Nucl. Phys.C 21 (1980) 230. 
11 
STUDY OF COMPLETE AMD INCOMPLETE FUSION 
IIM REACTIONS INDUCED BY «C AND »«0 IONS 
BELOW 7 MeV/NUCLEOM ENERGIES 
T H E S I S 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
Boctor of pi)tla£;opi)p 
IN 
P H Y S I C S ^ II I 
w ^  
BY 
MANOJ KUMAR SHARMA 
UNDER THE SUPERVISION OF 
DR. B. P. SINGH 
DEPARTMENT OF PHYSICS 
ALIGARH M U S L I M UNIVERSITY 
ALIGARH ( INDIA) 
2002 
•/< •• .<•! / • *; U J :7 ^. 
'^•<c^ C 
/,'?^ ^ > - . 
T5701 
r:: V •• ;i ^ 
Co*^*^ 
r*. 
I 
' • ' • , S 
0 -I J-l 2003 
Fed 1^  'rrfeputef. i^ , ^ -a 
10 ^^(pA^wrs 
V%. S.P. SiM^ 
Reader 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH—202 002 (U.P ), INDIA 
Phone: (0571) 401001 
Telex ; 564-230 AMU IN 
Fax : 91-0571-401001 
CERTIFICATE 
Certified that the work presented in this thesis is the original 
work of Mr. Manoj Kumar Sharma done under my supervision. 
(Dr. B.P. Singh) 
ACKNOWLEDGEMENTS 
It has indeed been a great fortunate opportunity and profound privilege to 
have Dr. B. P. Singh as the supervisor of this work. I express my deep sense 
of gratitude to him and same to Prof. R. Prasad, Chairman and Professor of 
Experimental Nuclear Physics, Dept. of Physics, A.M.U., for their inspiring, 
enthusiastic, analytical and critical guidance, constant encoinragement and 
generous support through their intellectual and creative views throughout 
the work. They always encouraged me to learn various aspect of experimental 
physics. 
Again, I am grateful to Prof. R. Prasad, Chairman, Department of 
Physics, for extending all the necessary departmental faxiilities towards this 
work. I am highly indebted to Prof. Amit Roy, Director and Prof. G. K. 
Mehta, Former Director, Nuclear Science Centre, New Delhi, India for ex-
tending necessary facilities for carrying out this work. I also thanks '. to Dr. 
A. K. Sinha, Director, lUC-DAEF, Calcutta Centre, Kolkata for the financial 
support as Junior Research Fellowship (J.R.F.) and Senior Research Fellow 
(S.R.F.) during the present work and Dr. Sandeep S. Ghugre for encourage-
ment towards this work. Thanks are due to Ms. Unnati, Mr. B. K. Sharma, 
Dr. Sunita Gupta, Dr. H.D. Bhardwaj, Dr. M. M. Musthafa, Mr. Rakesh 
Kumar, Ms. K. S. Golda, Mr. S. Muralidhar, Mr. N. Madhavan and Dr. R. 
K. Bhaumik for their valuable help during the experiments. 
It is a matter of great pleasure to thank all my teaxihers specially Prof. R. 
J. Singh and friends Mr. Pankaj Sharma, Mr. Avinash Agarwal, Mr. Arun 
Pawar, Mr. B.K. Yogi, Mr. N.S. Pattabhiraman and Mr. Sbubir Nath for 
their encouragement and support they always extended during the course of 
this work. 
Last but not the least I am deeply indebted to my parents and wife for 
their support, encouragement and co-operation without which it would have 
been impossible for me to pursue this work. 
(Manoj Kumar Sharma) 
Chapter I 
Contents 
Introduction 
Chapter II Experimentsil Details 16 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
Pelletron accelerator 
Sample preparation 
Irradiation 
Measurement of nuclear reaction cross-section 
Detection of reaction residues 
Calibration and efficiency determination of 
HPGe detector 
Recoil range distributions 
Experimental uncertainties 
Chapter III Measurements 
3.1 
3.2 
3.3 
3.4 
Chapter IV 
4.1 
4.2 
4.3 
Chapter V 
5.1 
5.2 
5.3 
5.4 
l^C+lfTe SYSTEM 
l^O+lfTb SYSTEM 
l^O+lfTm SYSTEM 
Measurement of recoil range distributions 
Computer Codes 
ALICE-91 
CASCADE 
PACE2 
Results and Discussion 
Analysis with code ALICE-91 
Analysis with code CASCADE 
Analysis with code PACE2 
Recoil range distributions 
16 
20 
22 
24 
25 
29 
36 
39 
43 
44 
49 
57 
64 
68 
68 
71 
75 
79 
80 
84 
87 
88 
List of publications 94 
Chapter I 
Introduction 
Rutherford in 1911, carried out a series of experiments by bombarding 
a piece of gold foil with positively charged particles emitted from the ra-
dioactive source and showed that atom consists primarily of empty space 
surrounding a well defined central core called nucleus with a radius ?« 10~^^ 
meter. The discovery of neutron in 1932 established that nuclei are made of 
neutrons and protons, called nucleons. 
In 1919, Rutherford was able to demonstrate the first artificial transmuta-
tion by irradiating a thin gold foil with ct-particles obtained from radioactive 
source, which opened the new era of research in nuclear physics. There are 
basically two scientific motivations for the research in nuclear physics, one 
of them is to get the information about the properties of the nucleus and 
the other is to understand the behaviour of the constituents of the nucleus. 
A nuclear reaction may take place when an energetic projectile comes close 
enough to a target nucleus within the range of nuclear forces, leading to the 
emission of nuclear particles and/or electromagnetic radiations. 
In a nuclear reaction, the properties of the system are well defined and well 
known before and after the reaction has taken place. However, what happens 
during the reaction is still not well understood. Being a quantum mechanical 
process, it can not be visualized directly. Thus, the theories or nuclear models 
have been proposed. In 1936, Bohr proposed the compound nucleus (CN) 
model to explain the nuclear reaction mechanism. According to Bohr, a CN 
is formed when the incident particle fuses with the target nucleus, sharing its 
energy and angular momentum among all nucleons through random collisions 
till the thermodynamic equilibrium is established. The life time of compound 
nucleus is long enough ;=! 10~^^ sec. In this model it is assumed that the decay 
of CN is totally independent of its mode of formation. This is known as Bohr's 
independent hypothesis, which says decay of CN is totally determined by its 
good quantum numbers viz., the excitation energy, angular momentum, spin, 
parity etc. 
In 1950, Ghoshal[l] experimentally verified the vahdity of Bohr's inde-
pendent hypothesis. The compound nucleus reaction mechanism is more ap-
propriate at lower values of excitation energies, however, at relatively higher 
excitation energies the direct reaction mechanism, in which only a few de-
grees of freedom are excited, is more likely to occur. The time scales on which 
these two reaction mechanisms i.e., CN and direct reactions occur are quite 
different to each other. The time scale of direct reactions is ^ 10"^^ sec, 
which is the time taken by the energetic projectile to pass through the tar-
get nucleus. There are several experimental and theoretical observations[2] 
which indicate that particles may also be emitted from the excited compos-
ite system before the establishment of a thermodynamic equihbrium. This 
is generally referred to as pre-compound or pre-equilibrium (PE) emission. 
Several models have been proposed to explain the reaction mechanism. 
They describe certain aspects of nuclear structure and mechanism, but none 
of them gives their complete information. More and more experimental data 
is needed for the better understanding of the reaction mechanism. Thus, the 
nuclear physics is still experimental subject to be studied in many respects. 
During the past decades, major research efforts have gone into the study of 
nuclei by means of probes which excite the nuclei in a moderate way mainly 
by bombardment with the beams of protons, neutrons and a-particles. Later, 
the availability of precise beams of heavy ions have opened a new horizon 
in the study of nuclear structure and nuclear reactions. The two Pelletron 
accelerators, one at the Nuclear Science Centre (NSC), New Delhi and the 
other at the Tata Institute of Fundamental Research (TIFR), Mumbai be-
came available for heavy ion (HI) experimental research in our country in 
early 90's and gave a big boost to the study of HI reactions. 
There is no well defined border line between light and heavy ions, the 
i4 = 4 (i.e., 2^e) has sometimes been referred to as the "lightest heavy 
ion" [3]. The study of reactions involving heavy ions tend to differ from 
the light ion induced reactions in many respects. The de-Broglie wavelength 
associated with relative motion of interacting Hi's is much shorter than that 
for light ions, typically an order of magnitude smaller than the size of nuclei. 
Since Hi's consist of a larger mass in comparison to light ions, the angular 
momentum of Hi's with respect to the centre of mass is very large. Most 
important feature of HI reactions is, (since a HI is a multi-nucleon system), 
that a variety of reactions may occur at energies slightly above the Coulomb 
barrier. Therefore, heavy ion induced reactions give way to the possibility 
of producing nuclei with high excitation energy and high spin. Nuclei far 
away from the neutron drip line may also be produced in HI interactions. 
Thus, it allows the study of nucleax matter in the conditions that do not 
exist naturally. Heavy ion induced reactions in principle can also be used to 
produce super heavy elements (SHE). 
The study of heavy ion induced reactions starts with the extrapolations 
from the existing knowledge of nuclear structure and reactions, their gener-
alization or modification in order to encompass new experimental findings. 
Because of the small de-Broglie wavelength of the relative motion A as com-
pared to the nuclear size, one can study heavy ion reax:tions semi classically. 
In semi classical approach, the radial motion is treated classically and angular 
motion is treated in the central field quantum mechanically. In semi clas-
sical approach the impact parameter b is related with the minimal distance 
between the two interacting ions rmin by the relation [3], 
where, ECM is the center of mass energy and V (rmin) is the nuclear potential 
acting between the two ions. 
In one dimensional barrier penetration model no conversion of either rel-
ative kinetic energy or the angular momentum into excitation of the internal 
degrees of freedom of the colliding nuclei is considered in the approax^h phase. 
It also assumes that once the system passes over the Coulomb barrier, fusion 
is possible. In HI reactions, depending on the impact parameter involved 
a variety of reactions may take place. A typical classical picture of heavy 
ion reactions is shown in Fig. 1.1 [3]. Some of the important processes 
are, elastic scattering (the Coulomb region with rmin > RN), deep inelastic 
scattering and incomplete fusion (region with Rp < rmin < RDIC), transfer 
reactions (the peripheral region with RDIC < '^min < RN) and fusion reac-
tions (the fusion region with 0 < r^j„ < Rp), where, Rp is the fusion radius 
« 1.0(Ai^/^-t-^2^^^). In a heavy ion reaction, when the center of mass energy 
of the partners is greater than the Coulomb barrier, they overcome the bar-
rier and may loose some of the relative energy through friction to get trapped 
in the pocket of the potential and ultimately it may lead to the formation of 
the compound nucleus. 
Distant 
collision 
Elastic scattering 
Direct reactions 
Incomplete fusion and 
deep inelastic collision 
Elastic (Rutherford) scattering 
Coulomb excitation 
Fig 1.1 Trajectories showing peripheral, distant, graz-
ing and close collisions in the classical picture of heavy 
ion reactions. 
The partial reaction cross-section for such a colhsion at a given energy E 
may be given by [3], 
ai^{E) = T^X\2l + \)Ti{E) (2) 
where, Ti{E) is the transmission coefficient for the potential VJ(r) at en-
ergy E. In its simplest form one may assume a nuclear potential which 
depends on the relative separation r of two nuclei. The collision between 
interacting ions may be explained by the effective potential depending on 
distance and relative angular momentum having the form, 
VI{T) = V,{r) + V;(r) + Vceni{r) (3) 
where, Vc{r) is the repulsive Coulomb potential and is given by 
- . , . 1 ZpZre^ 
^^ (^ ) = izz—z— (4 
VK£o r 
for r > R 
c 
for r < Re. 
Vn{r) is the attractive nuclear potential, which may be taken as Woods-Saxon 
form given by, 
where, 
R = r<,(4 '^ + A'J^) (7) 
and 
Vcentif) is the repulsive centrifugal potential. 
n^  /(/ + 1) 
2/x r2 Vcentir) = ^ ^ ^ H ^ (8) 
Here, Zp, Zr are the atomic numbers of the projectile and the target 
nuclei respectively, r is the relative separation between the interacting ions, 
Re the radius of the target nucleus (assumed spherical), / the angular mo-
mentum, n the reduced mass of the interacting nuclei, Vo is the depth of the 
potential, a is the diffuseness parameter and ro=1.31 fm. Graphical plots of 
effective potential as a function of relative separation between incident ions 
for one of the systems (^^O+^^^Tm) used for different values of / are shown 
in Fig. 1.2. 
As can be noted from the figure, for the smaller angular momenta /, there 
is a pocket in the effective potential which decreases with increasing / and 
disappears at Icrit- It is assumed that the fusion between the two heavy ions 
may occur only for those partial waves which allow the two ion.s to come 
suflSciently close to get trapped in the potential pocket. 
At lower excitation energies, when the two interacting ions pass each other 
with large impact parameter, they interact only through their Coulomb fields 
and elastic scattering may take place as only Vc and Vcent are important. For 
grazing impact parameters bgr, processes like inelastic scattering and nucleon 
transfer may take place. On further reduction of impact parameter the wave 
functions of the two interacting nuclei overlap considerably and the relative 
kinetic energy is converted into internal excitation before the two separate out 
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Fig. 1.2 Effective potential for ^^ O+^ ^^ Tm as a 
function of relative separation between the ions 
for different values of angular momentum /. 
into target and projectile like systems. These are deep inelastic processes and 
are likely to take place at energies of a few MeV/nucleon above the Coulomb 
barrier. The two ions may come within the range of nuclear interactions 
at still lower values of impact parameter. Classically, nuclear reactions may 
take place if the center of mass energy (ECM) of the two ions is high enough 
to overcome the Coulomb barrier. The projectile may fuse with the target 
and a variety of reactions may occur. 
At lower incident energies and for relatively lower values of impact param-
eter, the projectile may completely fuse with the target nucleus, transferring 
the total angular momentum to the composite system. This composite sys-
tem is far from statistical equilibrium as a large part of its excitation energy 
is used for an orderly collective translational motion of the nucleons. This 
complete fusion of heavy ion with the target nucleus is assumed to proceed 
by a sequence of two-body interactions, which results in the conversion of 
orderly kinetic energy of the incident ion into chaotic thermal motion of nu-
cleons. The randomization process ends when the composite nucleus reaches 
a state of thermal equilibrium making it a compound nucleus. Once the 
thermal equilibrium is achieved, the accumulation of sufficient energy on a 
single nucleon/cluster may occur by a random sequence of events and particle 
evaporation may take place after a sufficiently long time. 
At relatively higher excitation energies and large impact parameters, the 
angular momentum of the projectile may be too large for the composite sys-
tem to hold. In such cases, only a part of the projectile may fuse with the 
target nucleus and the remaining part is stripped off. This is called incom-
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plete fusion of heavy ion. The angular momentum carried by the composite 
nucleus now depends on the mass of the fused fragment [4]. 
Further, at higher excitation energies and low impact parameters, a com-
posite nucleus may be formed and it may happen that during the process of 
thermalization, nucleons or clusters still possessing considerable energy are 
emitted into continuum. These nucleons have average energy higher than 
that of the nucleons evaporated from the compound nucleus and are typi-
cally called as pre-equiUbrium particles. The incomplete fusion (ICF) may 
also be looked as a kind of pre-equihbrium reaction where the path of com-
plete fusion (CF) is hindered by the emission of a cluster. Though, PE 
emissions is hkely to be important at higher energies, however, some recent 
experiments [5, 6] have indicated that their contributions are significant even 
at energies only slightly greater than the Coulomb barrier. For the values 
of angular momentum greater than critical value Icru, the composite system 
breaks apart instead of fusing. As is clear from the above, angular momen-
tum plays a very important role in heavy ion reactions. The / -dependence 
of partial cross section is shown in Fig. 1.3. 
There are several techniques for the study of reaction mechanism, at 
medium and low energies, however, useful information can also be extracted 
from the study of the measured excitation functions of nuclear reactions in-
duced by heavy ions [2]. In the heavy ion reactions, the final state has a heavy 
residual nucleus, light ions and/or 7 rays. In most of the experiments the 
properties like, charge, energy distribution, angular distribution etc., of light 
particles and/or 7 rays emitted in such reactions are measured. However, 
considerable information about the nuclear reaction mechanism may also 
be obtained by studying the properties of the heavy residues. These heavy 
residues may be identified by their characteristics like charge and mass using 
an appropriate recoil mass separator or by measuring their energy loss in a 
medium along with the time of flight. They may also be identified by their 
characteristic X-rays and 7 rays and, if radioactive, by measuring their half 
lives. 
Evap Angular momentum Pission L= L crit 
Fig 1.3 The I dependence of partisd cross section for 
compound nucleus formation, deep inelastic collision, 
direct reactions, Coulomb excitation and elastic pro-
cesses. The solid lines represents the geometrical partial 
cross section 2'Kl/k'^. The vertical dashed line represent 
the extension of various I windows in a sharp cut off 
model. 
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Activation technique is one of the simplest but powerful method of mea-
suring the excitation functions (EFs) to deduce important information about 
the nuclear reaction mechanism. In this technique, the activities induced by 
radioactive fragments in the target and catcher assembly axe measured off 
line. The main advantage of the activation technique is the possibility of mea-
suring excitation functions for the production of a large number of residues 
in a single irradiation, reducing beam-time requirements. 
In the heavy ion reactions at moderate energies, a large number of re-
action channels are open and the analysis of excitation functions for these 
reactions may provide significant information about the complete and incom-
plete fusion/pre-equilibrium emission. The slowly descending tail of the EFs 
is one of the important signatures of pre-equilibrium emission. Vergani et. 
al.,[5] have measured the EFs for the production of a large number of iso-
topes in the interaction of ^^C with ^^"^Au at energies below 10 MeV/nucleon 
using activation technique. Crippa et. al.,[4] and Tomar et. al.,[8] have 
also measured the EFs for CF and ICF in heavy ion reactions for different 
systems. From the analysis of EFs, it has been shown that the ICF process 
has a substantial contribution to the reaction cross-section. Though, several 
measurements are available in literature on the study of CF and ICF but 
the data is still scarce. In order to have a better understanding of these pro-
cesses, more experimental data covering a wide range of the periodic table 
and energy is required. 
In the case of complete fusion large momentum is transferred and the 
composite system recoils in the beam direction to a larger distance. However, 
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in case of incomplete fusion, the fragments recoil at larger angles and hence 
at distances that become increasingly smaller with the decreasing mass of 
the fused projectile fragment. As such, information regarding complete and 
incomplete fusion in heavy ion reactions may be extrax^ted from recoil range 
measurements of the residues. In the incomplete fusion process, the linear 
momentum carried by the incident projectile is not transferred completely to 
the composite nucleus, while in the case of complete fusion the entire linear 
momentum of the projectile is transferred to the composite nucleus. Some 
earlier studies [7, 8, 9, 10, 11] showed that a careful recoil range distribution 
(RRD) study is quite helpful in separating individual contribution of CF 
and ICF channels even at energies as low as 7 MeV/nucleon. A significant 
contribution of incomplete fusion to the total reaction cross-section has been 
observed in these studies. 
In this work, as part of a program [12, 13, 14, 15] to study CF, ICF and 
PE emission in heavy ion induced reactions, activation technique has been 
used to measure the EFs for several reaction.s in '^r+'^^Te, ^^0+^^^Tb, and 
i6Q_j_i69jij^  systems at energies near and well above the Coulomb barrier. 
The experiments have been carried out using the HI beams from the Pel-
letron accelerator at the Nuclear Science, New Delhi, India. The measured 
EFs for various residues in these systems are compared with the statistical 
model calculations based on computer codes viz., ALICE-91 [16], CASCADE 
[17] and PACE2 [18]. Further, to separate out the relative contributions of 
complete and incomplete fusion in ^^O +^^^ Tm system at « 87 MeV, the 
RRDs of several residues have also been measured. The details of the ex-
12 
periments and measurements axe given in Chapters II and III, respectively. 
Chapter IV is devoted to the description of computer codes. The results 
and analysis of the present measurements are presented in Chapter V. The 
references are given at the end of each Chapter. 
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Chapter II 
Experimental Details 
In the present work, activation technique has been used for measuring 
the excitation functions (EFs) for a large number of evaporation residues 
produced in ^^C+^^^Te, ^^0+^^^Tb and ^^0+^^^Tm systems at the ener-
gies below 7 MeV/nucleon. The measured EFs have been compared with 
theoretical calculations done using three different codes viz., ALICE-91[1], 
CASCADE[2] and PACE2[3]. Brief details of these codes are given in Chap-
ter IV of the thesis. In the case of ^^0+^^^Tm, system, to separate out the 
relative contributions of complete and incomplete fusion, the recoil range dis-
tributions of various evaporation residues have also been measured at « 87 
MeV. The experiments have been carried out using the 15 UD Pelletron 
accelerator facility of the Nuclear Science Center (NSC), New Delhi, India. 
2.1 Pelletron accelerator 
A schematic diagram of NSC Pelletron accelerator is shown in Fig. 2.1.1. 
The NSC Pelletron is a 15UD, tandem Van de Graff electrostatic accelera-
tor. It is capable of accelerating any ion from proton to uranium (except the 
inert gases) in the energy range from a few tens of MeV to a few hundred 
MeV, depending on the ion species. The accelerator is installed in a vertical 
geometry in a stainless steel tank which is 26.5 meter high and 5.5 meter in 
diameter. In the middle of the tank there is a high voltage terminal which 
can hold potential from 4 to 16 MV. 
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Fig. 2.1.1 A schematic diagram of NSC Pel-
letron accelerator. 
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The terminal is connected to the tank vertically with ceramic-titanium 
accelerating tubes. The tank is filled with a high dielectric constant SFe gas 
at 6-7 atmospheric pressure to insulate the high voltage terminal from the 
tank wall. A potential gradient is maintained through the accelerating tubes 
from the ground potential, and from the terminal to the ground potential 
at the bottom of the tank. Negative ions of suitable energy from Source 
of Negative Ion by Cesium Sputtering (SNICS) ion source are injected into 
the accelerator and are accelerated towards the positive terminal. In the first 
stage of acceleration, the singly charged negative ions from the ion source are 
accelerated from ground potential to the terminal at high positive potential 
V. The energy gained in the process is e V. The beam is then made to pass 
through a stripper foil where the ions are stripped off the electrons thereby 
making them positive ions. The average charge of the ion depends upon 
the type of the ion and the terminal voltage. If qe is the charge on the 
positive ions after passing through the stripper foil, the energy gained by 
accelerating it from the terminal to the ground potential is qe V. Thus, after 
passing through the two stages of the acceleration, the final energy of the ion 
in electron volts is given by, 
E = {q+l)eV (1) 
These high energy ions are then passed through the analysing magnet and 
an energy sfit which selects the particular ions of the desired energy. The 
beam of ions are then directed towards the desired experimental area with 
the help of a seven port switching magnet. A schematic diagram of different 
beam lines at NSC Pelletron facility is shown in Fig. 2.1.2. 
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2.2 Sample preparation 
The samples used in the present work, were either self-supporting or 
prepared by vacuum evaporation on thin Al-foils. The self supporting ^^^Tb 
targets were prepared by rolling of natural terbium foils (purity « 99.99%). 
The ^"^Te (enrichment ~ 87 %) and natural ^^^Tm targets were prepared by 
vacuum evaporation technique. This technique is most commonly used for 
thin film target preparation. In this technique, the material to be deposited 
is heated to a high temperature in an evaicuated chamber and is condensed 
on a suitable substrate. A schematic diagram of the high vacuum system 
used in the present work is shown in Fig. 2.2. 
The thickness of each target was determined by the a transmission method 
which is based on the measurement of the energy lost by a particles while 
passing through the sample. The 5.485 MeV a-particles from "^^ Mm source 
were used for this purpose. The thicknesses of the self-supporting ^^^Tb sam-
ples were ^l.7mg/cm?, while that of ^^^Tm deposited on thin Al-foils (ss 1.5 
mg/cm^) were Ri 0.6 mg/civ?. The thicknesses of ^^^Te deposited on 6.75 
mg/cm^ Al-foils were « 0.9 mg/cm^. The Al-backing in case of ^^^Te and 
^^^Tm samples served as energy degrader as well as catcher foils, so that 
recoiling residues may be trapped in catcher thickness. In case of ^^^Tm, 
self-supporting Al-foils of suitable thicknesses were used as catcher foils be-
hind the target, which also served as energy degrader. The samples were cut 
in size of 1.2 x 1.2 cm^ each and were pasted on Al-holders having concentric 
holes of 1.0 cm diameter. The Al-holders were used for rapid heat dissipa-
tion. 
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2.3 Irradiation 
The irradiations have been performed in the General Purpose Scattering 
Chamber (GPSC) of 1.5 m diameter having in-vacuum transfer faciUty. The 
delay time between the stop of irradiation and the beginning of counting was 
minimised using in-vacuum transfer of samples. The targets backed by thick 
Al-catcher were placed normal to the beam direction so that the recoiling 
nuclei coming out of the target may be trapped in the catcher foil. A stack 
of four ^^^Te samples was irradiated by ^^ C^ "*" beam at 82 MeV. The energy 
on each sample was calculated using the stopping power tables of Northcliffe 
and Schilling [4j. The incident energies on ^^^Te foils were 42.2, 57.7, 70.2 
and 82 MeV. The samples of ^^^Tb and ^^^Tm were irradiated using ^^0^+ 
beam. In case of ^^^r6, two stacks of four samples each were irradiated at 90 
and 95 MeV, respectively. For ^^^Tm, again two stacks of four samples each 
were prepared and irradiated at 92 and 95 MeV, respectively. The advantage 
of the stacked foil technique is that in a single irradiation several foils may 
be bombarded by the beam of diflFerent energies. In case of first ^^^Tb stack 
irradiated at 90 MeV, the incident energies on different foils were 65.5, 75.2, 
83.2 and 90 MeV. However, in the second stack irradiated at 95.0 MeV, the 
incident energies on different foils were 69.3, 78.7, 87.2 and 95.0 MeV. Thus 
the two stacks irradiated at 90 and 95 MeV covered a large energy range 
from « 65 to 95 MeV. Similarly, in case of ^^^Tm stacks energy range from 
« 71 to 95 MeV was covered. Keeping in view the half lives of interest, the 
irradiations were carried out for « 8 hours duration each. The beam current 
was « 30 to 50 nA. The total charge collected in the Faraday cup has been 
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used to calculate the flux of the beam. The typical experimental set up used 
in the present measurements is shown in Fig. 2.3. 
Incident Beam 
a, 
2 
Fig. 2.3 The typical experimental set up for heavy ion 
irradiation 
23 
2.4 Measurement of nuclear reaction cross-
section 
If an incident particle a hits a target nucleus X emitting a particle of type 
b leaving behind the residual nucleus K, then the reaction may be represented 
as, 
a + X —>Y + b (2) 
In abbreviated form it may be represented as X(a, b)Y. The cross-section 
Or for a particular reaction is given by, 
Number of events X{a, b)Y/area . . 
"' = KTt '^' 
where, Ng is the number of target nuclei, (f) the beam flux and t is the 
time of irradiation. If the residual nucleus Y is radioactive, then the number 
of events X{a, b)Y may be deduced from the activity induced in the sample. 
At a given beam energy, in the laboratory frame, the reaction cross section 
is given by the formula [5], 
_ (r^^ ^  AXexp{Xt2) , 
"^ ' No(j>6K{Ge)[l-exp{-Xh)][l-exp{-Xt3)] ^ ^  
where, A is the total observed counts during the accumulation time t^ of 
the induced activity of decay constant A, No the number of target nuclei ir-
radiated for time ti with a particle beam of flux 0, tg the time lapse between 
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the stop of irradiation and the start of counting, 6 the branching ratio of the 
characteristic 7 ray and Ge the geometry dependent efficiency of the detec-
tor. The factor [1 — exp{—Xt\)] takes care of the decay of evaporation residue 
during the irradiation and is tj^jically known as the saturation correction. 
The correction for the decay of the induced activity due to the delay between 
the stop of irradiation and the start of counting and during the data accu-
mulation is taken into account via the factors exp{Xt2) and [1 — exp{—\t^)] 
respectively. K is the correction for the self absorption of the 7 radiation in 
the sample itself and is given by [1 — exp(—//d)/^d], here d is the thickness 
of the sample and ^i is the 7 ray absorption coefficient. 
2.5 Detection of reaction residues 
The composite system formed following complete and/or incomplete fu-
sion, may in general decay by emitting one or more neutrons, protons and/or 
a-particles, leaving behind the residues which are generally in the excited 
states. These excited residues decay to the ground states by emitting char-
acteristic 7 rays. In order to determine the fusion cross sections in the case 
of evaporation residue formation, two methods may be used. One is IN-
BEAM method in which the residual nuclei may be identified directly from 
the charge to mass ratio and the other is OFF-BEAM method in which the 
residual nuclei may be identified by their characteristic 7 radiations. Each 
radioEictive isotope has a unique decay mode and that provides a specific 
way for its identification. Thus, the observed intensity of induced activity is 
measure of the production of that particular evaporation residue. The main 
advantage of this method being the relatively low background as compared 
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to that of the on hne measurements and hence better sensitivity. Further, as 
already mentioned, the cross sections for several reactions can be determined 
in a single irradiation and hence it is less expensive and less time consuming 
also. Proper choice of projectile-target combination, incident energy, dura-
tion of irradiation, half lives of induced activities and good detectors are 
some of the basic requirements for accurate measurements by the activation 
technique. 
The activation method involves identification and the measurement of 
the intensity of the characteristic 7 rays emitted by the excited residual 
nucleus or by the daughter nucleus in the case of radioactive evaporation 
residues. Several activities may be induced in the sample and the catcher 
foil by irradiating them with the flux of heavy ions. The irradiation may 
be followed by off line measurement of the activities induced in the target 
and catcher assembly. In such measurements, the 7 ray spectra of each 
irradiated sample were recorded at increasing times and radioactive residues 
were identified by their characteristic 7 radiations as well as by their half lives. 
In some cases, 7 rays emitted by two different residues were of nearly same 
energy. The concentration of each isotope in such cases was separated on the 
basis of their half lives, by following the induced activities for a considerably 
long period. 
Some of the radioactive residues are produced independently (indepen-
dent yield) in the interaction of heavy ions. Some of them are also produced 
in the decay of higher charge isobar precursor (cumulative yield) nucleus 
through Z?"*" emission, and/or electron capture. For such cases, cumulative 
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cross sections has been measured if the half Ufe of the precursor is consid-
erably smaller than that of the residue, by analyzing the induced activities 
at times greater than about eight to ten half lives of the precursors. The 
cumulative cross section of the given residue is the sum of (i) its independent 
production cross section and (ii) cross section for the independent produc-
tion of its precursor multiplied by a numerical coefficient which depends on 
the branching ratio for precursor decay to residue and the half lives of the 
precursor and the residue. In such cases, the following decay analysis given 
by Cavinato et. al.,[6] has been used in order to obtain the precursor decay 
contributions. 
If a precursor P is formed with cross section ap during the irradiation, and 
decays with half life Ti/2^ and a branching ratio Pp, to a daughter nucleus 
D which is produced with cross section ao during the irradiation and decays 
with half life Ti/2^, the cumulative cross section ac, for the production of 
the daughter is given by, 
rp D 
Oc = OD + Pp^ D'^rj. p(^P (5) 
J-1(2 - J 1/2 
The branching ratio Pp has been taken from reference [7]. In some cases, 
the radioactive residues emit 7-rays of more than one energy. In such cases, 
the intensities of several gamma rays emitted from the same residue have 
been recorded and the cross-section for the production of the residue has 
been calculated from the observed intensities of these gamma-rays separately. 
The weighted average of these calculated values is then taken as the measured 
27 
cross-section. 
Following formulation [8] has been used for determining the weighted 
average. 
If Xi±AA^i, A'2±AX2, XsiAXa, are the different measured values 
of the same quantity, then the weighted average is given as, 
here, 
and the internal error (I.E.) is given by, 
I.E. = [EWi]-^/^ (8) 
while the external error (E.E.) is given by, 
(9) 
Equation (8) depends entirely on the errors of individual observations, whereas 
equation (9) depends also upon the differences between observations from the 
mean value. As such the internal error depends on the internal consistency, 
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whereas the external error is a function of what might be called the external 
consistency of the observations. A computer programme EXPSIGMA based 
on the above formulation has been used for computation of cross-sections at 
various energies. 
2.6 Calibration and efficiency determination 
of HPGe detector 
In order to identify the characteristic 7 rays of evaporation residues in the 
complex 7 ray spectra, a detector of good resolution and proper calibration is 
required. The activities induced in the irradiated samples were analysed for 
several days using CANBERJRA High Purity Germanium (HPGe) Detector 
(resolution « 2 keV for 1.33 MeV 7 ray of ^Co) of 100 c.c. active volume 
coupled to a PC through CAMAC based FREEDOM software. The HPGe 
detector was pre-calibrated using various standard 7 sources i.e., '^'^Na, ^"^Mn, 
^^Co, ^Co, 1335a, 137^5 and ^^^Eu of known strengths. 
The geometry dependent efficiency (Ge) of the detector at a given energy 
was calculated using the expression, 
^^  = ]vM (^«) 
where, No is the disintegration rate of the standard 7 source at the time of 
measurement, Nao is the disintegration rate at the time of manufacture, A is 
the decay constant, t is the time lapse between the manufacture of the source 
and the start of counting, 6 is the branching ratio of the characteristic 7 ray. 
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The prominent 7 rays of ^^^Eu used for the caUbration in the present 
measurements along with their absolute intensities are listed in Table 2.6. 
Table 2.6 The energy and absolute intensities of prominent 7 rays from 
standard 7 source ^^"^Eu 
7 ray energy (keV) 
121.78 
244.69 
344.29 
443.89 
778.92 
964.11 
1112.08 
1299.16 
1408.00 
Absolute Intensity (%) 
28.40 
7.51 
26.60 
2.80 
12.98 
14.50 
13.60 
1.63 
20.80 
In the present measurements, the standard 7-sources and the irradiated sam-
ples and/or catcher foils were counted in the same geometry. However, the 
source-detector distance for various irradiated samples was kept different de-
pending on the intensity of the induced activity in order to keep the dead 
time of counting less than 10%. The geometry dependent efficiency curves 
for the 7 rays of different energies and for various source-detector distances 
were plotted using the ORIGIN graphics software. Experimental geometry 
dependent efficiency data is found to be best fitted with a polynomial of 
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degree 5, having the following form, 
Ge = ao + aiX + a^X"^ + azX^ + 04^" + a^X^ (11) 
where, X being the energy of the chaxacteristic 7 ray and OQ, ai, aa, 03, 04, 
as being the coefficients having different values for different source-detector 
distance. Typical geometry dependent efficiency curves as a function of 7 
ray energy are shown in Figs. 2.6.1. 
The residual nuclei trapped in samples as well as Al-catcher foils were 
identified by their characteristic 7 rays. Typical 7 ray spectra of ^^^Te sam-
ples irradiated by ^^C beam at 82.0 MeV is shown in Fig 2.6.2. Similarly, the 
observed 7 rays spectra for ^^ O-h^^ ^Tft system at 95 MeV and for ^^0+^^^Tm 
system at 92 MeV are shown in Figs. 2.6.3 and 2.6.4, respectively. Various 
peaks in the spectra correspond to different residues produced via different 
reaction channels. The 7-ray energy of some prominent peaks are indicated 
in these spectra. 
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Fig. 2.6.1 Typical geometry dependent efficiency curves 
for various source detector distances as a function of 7 
ray energy 
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2.7 Recoil range distributions 
In the present work, the recoil range distribution (RRD) for various ra-
dioactive residues produced in the interaction of ^^O beam with ^^^Tm target 
nucleus have been measured at 86.6 MeV. The typical arrangement of target 
catcher assembly is shown in Fig.2.7. In the irradiation chamber the target 
was mounted with Al-backing facing the beam so that the catcher stack im-
mediately followed the Thulium layer. The beam energy incident on front 
Al surface was 92 MeV. After an energy loss of w 5 MeV in the Al thickness 
the incident beam energy was reduced to 86.6 MeV on the Tm material. A 
stack of 19 thin Al-catchers of thickness varying from w 16-45 fxg/cm^ was 
used to trap the recoiling nuclei. 
O X Y G E N 
B E A M 
V. V 
stack of Al-catcher foils 
y 
Tm 
Fig.2.7 The typical arrangement of target catcher as-
sembly used for recoil range measurements. 
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The catcher-thicknesses used in the present experiment are given in Table 
2.7. 
Table 2.7 Catcher thicknesses used for RRD 
S. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
14 
15 
16 
17 
18 
19 
Thickness in \iglcm} 
16.8 
19.6 
27.4 
27.8 
28.6 
29.5 
30.2 
30.6 
31.3 
31.9 
32.1 
33.2 
33.9 
37.1 
39.9 
44.2 
46.1 
47.0 
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The duration of irradiation was about 18 hrs with a beam fluence of ~ 
3500fj,C. Thin ^^^Tm target of thickness « SOO/xp/cm^ was used. Both, the 
targets and the catchers were prepared by vacuum evaporation technique 
(discussed in section 2.2). The thicknesses of samples and catchers were 
measured prior to their use, by measuring the energy loss suffered in the 
foil by 5.485 MeV a particles from ^''Mm source. Stopping power tables of 
Northcliffe and Schilling [4] were used for determining the thickness from the 
energy loss measurements. The activities induced in each thin catcher were 
followed off-line for about two weeks using a precalibrated high resolution (2 
keV for 1.33 MeV 7 ray of ^Co) HPGe detector of 100 c.c. active volume 
of CANBERRA coupled to CAMAC based software FREED0M[9] at NSC, 
New Delhi. The same software was used for analyzing the data. 
The experimentally measured cross-sections (a) for a particular reaction 
products in different catcher foils were obtained using equation 4. In order 
to obtain the yield distribution as a function of cumulative depth in the 
catcher stack, the yield in each catcher was divided by its measured thickness. 
The resulting yield has been plotted against cumulative catcher thickness 
to obtain the differential recoil range distributions. Measured recoil range 
distributions for various residues are presented and discussed in Chapters III 
and V of the thesis. 
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2.8 Experimental uncertainties 
Critical evaluation of uncertainties that axe likely to introduce error in the 
measured excitation functions reflects the quality of measurements. Follow-
ing factors may introduce errors in the present measurements. 
1. Non-uniform thickness of the target material and an ineiccurate esti-
mate of foil thickness may lead to the uncertainty in the determination of the 
number of target nuclei. This in turn will introduce error in the measured 
excitation functions. To check the uniformity of the samples, the thickness of 
the samples were measured at different positions by a-transmission method. 
The thicknesses so determined were found to agree within 1%. 
2. Fluctuation in the beam current may result in the variation of incident 
flux. The beam current was continuously monitored ajid any accidental stop 
of beam or appreciable fluctuation of the beam intensity was recorded and 
taken care of while calculating the total irradiation time and average beam 
current. 
3. Dead time of counting is likely to introduce error in determining the 
count rates. In the present work, dead time was kept < 10% by suitably 
adjusting the sample detector distance. 
4. Uncertainty in the fitting of the efficiency curve (< 3%) and also the 
solid angle effect (< 2%) [10] may lead to inaccuracy in the measurement 
of detector efficiency. The measured efficiency may be inaccurate on ac-
count of the statistical errors of counting of the standard source. These were 
minimized by accumulating the data for a longer time (« 3000 sec). The 
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statistical fluctuation in efficiency is estimated to be < 2%. 
5. Losses due to the nuclei recoiling out of the target may introduce error 
in the measured excitation functions. These were minimized by counting 
together the activity induced in the sample and the catcher foils, which were 
kept just behind the target. 
6. Error in the incident beam energy has been determined by calculating 
the energy spread in half thickness of the sample with the help of stopping 
power tables of Northcliffe and schilling [4]. 
These errors exclude the uncertainty of the nuclear data like branching 
ratio, decay constant etc., which have been taJcen from the Table of Isotopes 
[11]. 
The measurements done in the present studies are described in detail case 
wise in the next chapter for each reaction. 
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Chapter III 
Measurements 
With a view to study the complete fusion (CF) and incomplete fusion 
(ICF) in nuclear reactions induced by ^^C and ^^O beams, several experi-
ments have been carried out for measuring the excitation functions (EFs) 
in a wide energy range. In Table 3.1, are listed the systems studied for EF 
measurements. The energy range covered in these systems is also indicated 
in this table. 
Table 3.1. 
Systems studied 
I'C+lfTe^lfCe 
f 0 +lf Tb -.Ys' Ta 
l'0+lfTm^\fIr 
Energy range 
« 42-82 MeV 
ss 68-95 MeV 
« 71-95 MeV 
Coulomb barrier 
« 42 MeV 
« 65 MeV 
« 68 MeV 
The excitation functions 
i28re(i2^,3n)i37mc'g^ 
^^^TmC^0,2apny'^^Hf 
for the reactions 
'^'TbC^0,a2ny^^Hf, 
^^^TeC^C,a4pny^'"'Te, 
i59Tb{^^0,ay'^'Hf, 
^^^TbC^O,2a2ny^^Tm, 
^^^Tm{0,p2nY^''0s, 
'^^TmC^0,a3nY'^Re, 
and ^^^TTn{^^0,3any^'^Lu have been measured us-
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ing the activation technique. Further, the recoil range distributions (RRDs) 
of residues produced in the 1^0 +11^ Tm system have also been measured 
at 86.6 MeV in order to separate out the relative contributions of CF and 
ICF. To the best of our knowledge the presently measured EFs as well as 
RRDs are being reported for the first time. The radioactive properties of 
the residual nuclei viz., identified 7 rays and their branching ratios are given 
in tabular form in this chapter for the systems studied. Description of the 
different systems and individual reactions are discussed in the following[l]. 
3.1. l^C+i^ Te SYSTEM 
Table 3.1.1 Reactions, identified 7-rays and their branching ratios. 
S.No 
1. 
2. 
3. 
4. 
5. 
6. 
Reaction 
i28re("C,3n)^3^'"Ce 
1282^g(12c'5^)135Ce 
'^Te{^^C,p4n)'^La 
'^^Te{'^C,a3ny^Ba 
^^Te{^^C,a5ny^^Ba 
i^TeC^Qa^pnY^'^'Te 
Ey{keV) 
254.29 
206.51, 265.55 
300.06, 518.05, 
572.26, 606.77, 
783.61, 828.38, 
480.54 
276.09 
123.78, 216.05 
373.19, 496.25 
149.72 
200.63, 240.93, 
334.27, 773.67, 
793.77, 852.24, 
Abundance(%) 
11.0 
7.85, 42.0 
22.70, 13.40 
10.50, 19.30 
10.50. 5.18 
1.54 
17.7 
29.10, 20.0 
13.30, 44.0 
5.10 
7.54, 7.58 
9.55, 38.10 
13.8, 20.6 
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1. ^287e(i2c 3n) channel [residue =g^"' Ce, ti/2=lA d, J'^ = 11/2'] 
The reaction ^^^Te(^^C, 3n) produces residual isotope ^^^Ce which has 
both the ground (fi/2=9 h) as well as metastable states {ti/2=lA d). The 
metastable state ^^ "^*Ce decays to ground state by the emission of 254.2 keV 
7-ray. Since, ^^^Ce (ti/2=9.0 h) decay by EC/jS"*" emitting 7-rays of very low 
intensities, it could not be observed. As such, contribution of only metastable 
state ^^"^^Ce has been measured. 
2. ^28^6(^2^, 5n) channel [residue =lf Ce, ti/2=17.8 h, J"" = 1/2+] 
The residue ^^^Ce is formed by the complete fusion of ^^C with ^^Te fol-
lowed by the evaporation of 5 neutrons from the compound nucleus ^^^Ce. As 
a representative case the relevant portions of the decay scheme for the resid-
ual radioactive isotope ^^Ce produced in this reaction is shown in Fig.3.1[3]. 
Energies given in the decay scheme are in keV. Levels are represented by 
horizontal bars and the transitions by vertical arrows. Heavy bar denote 
ground state. The 7 ray transitions to a given final level are represented by 
an arrow with solid circles as the "tails" beneath each level which decays to 
the final level. 
3. ^^^Te{^^C,p4n) channel [residue =lf La, ti/2=19.5 h, J'' = 5/2+] 
The residue ^^^La is formed by the complete fusion of ^^C with ^^^Te 
followed by the evaporation of a proton and 4 neutrons from the compound 
nucleus ^^^Ce. Further, the residue ^^^La may be produced independently 
via the reaction {^"^Cp^n) and the same residue (^^^La) may also be pro-
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19.4 h 135 
57 La 
135, Fig.3.1 Partial decay scheme for syCe 
duced by P"^ decay of its higher charge isobar precursor (^^^Ce) produced 
via ^^Te(^^C,5n) reaction. The independent yield of ^^^La could not be 
measured in the present analysis because the half-lives of the residue ^^^La 
and its precursor ^^^Ce are not very much different (19.5 h and 17.8 h re-
spectively). However, in such cases, formulations developed in reference [2] 
may be followed, according to which the ratio of the activities of the parent 
(^^^Ce) to the daxighter (^^La) having nearly same half-Uves would increase 
hnearly for some time. Using these formulations, the yield of ^^^La via the 
precursor decay of ^^^Ce has been found to be less than 1 mb at 82 MeV. 
The presently measured cross-sections for Ce and La isotopes produced 
via complete fusion in the ^'^C+^'^Te system are tabulated in Table 3.1.2 
Table 3.1.2 Measured cross-sections for Ce and La isotopes 
Lab Energy 
(MeV) 
42.2±1.4 
57.7±1.2 
71.0±1.0 
81.7±0.4 
^(137m<;;g) 
(mb) 
14.4±1.7 
114.3±13.4 
18.2±2.3 
8.9±1.3 
(r(i35Ce) 
(mb) 
1.7±0.7 
2.2±0.6 
308.2±22.9 
292.7±32.1 
<j{'^La) 
(mb) 
4.4±0.4 
1.5±0.1 
56.1±6.2 
82.4±9.1 
4. ^^TeC^C,a3n) channel [residue =133"* Ba, ii/2=1.6 d, J"" = 11/2"] 
The isotope ^^^^Ba may be formed either by the complete fusion of ^^C 
with i^Te forming compound system ^^^Ce followed by the evaporation of an 
a particle and 3 neutrons and/or by the incomplete fusion of ^Be fragment (if 
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^^C undergoes breakup into a and ^Be fragments) followed by the emission of 
3 neutrons. The measured cross-sections for the residue ^^"^Ba may contain 
the contributions from both the CF as well as ICF channels. It may be 
pointed out that the ground state 56^  5 a could not be observed due to its 
very long half-life (10.54 years). 
5. ^"^^Tei^^Cabn) channel [residue =^i^ Ba, ti/2=11.8 d, r = 1/2+] 
The ^^^Ba isotope may be formed either by the complete fusion of ^^C 
with ^^^Te followed by the evaporation of an a particle and 5 neutrons and/or 
by the incomplete fusion of ^Be fragment (if ^^C undergoes breakup into a 
and ^Be fragments) followed by the emission of 5 neutrons. It may again be 
pointed out that the measured activity of residual nucleus ^^^Ba may have 
both CF and ICF contributions. 
6. ^^^Te{^^C,a4pn) channel [residue =1^"" Te, ti/2= 1.2 d, J"" = 
11/2-] 
The i3imj>g jgQ^Qpg jnay be produced either by the complete fusion of 
^^C with ^^*Te followed by the evaporation of an a particle, 4 protons and a 
neutron and/or by the incomplete fusion of ^Be fragment (if ^^C undergoes 
breakup into a and ^Be fragments) followed by the emission of 4 protons 
and a neutron. The reaction ^^^Te(^^C, a4pn) produces both the ground 
state ^^^Te (^1/2= 25 min) as well as isomeric state ^^^"'Te(ti/2= 1.2d). The 
isomeric state decays to ground state. Since, the counting of the irradi-
ated samples was started after considerable delay due to the high ax;tivity 
of the samples, the ground state contribution could not be separated in this 
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reaction. It may, however, be pointed out that the residual nucleus ^^^"^Te 
produced in this reaction may also be populated via deep inelastic collision in 
addition to fusion, since ^^Te target (enrichment w 87%) may contain ^^Te 
as contamination. However, the relative abundance of ^^Te is expected to 
be « 6%) in the sample. Since deep inelastic collision is likely to dominate 
at higher incident energies, the contribution from deep inelastic collision is 
expected to be very low. 
The presently measured cross-sections for Ba and Te isotopes are tabu-
lated in Table 3.1.3. 
Table 3.1.3 Measured cross-sections for Ba and Te isotopes. 
Lab Energy 
(MeV) 
42.2±1.4 
57.7±1.2 
71.0±1.0 
80.0±0.9 
ai^^^Ba) 
(mb) 
O.SiO.l 
7.8±0.8 
43.6±4.8 
37.6±4.2 
ai'^'Ba) 
(mb) 
-
-
0.73±0.07 
7.1±0.8 
aC^'^'Te) 
(mb) 
4.4±0.5 
4.9±0.5 
22.2±2.5 
30.9±3.5 
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3.2 1^0 +lf Tb SYSTEM 
Table 3.2.1 List of reactions, identified 7-rays and their branching 
ratios. 
S. No 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
ReEiction 
1597^ (^16(5 3^)1727^^ 
'^^TbC^OAny'Ta 
'^^Tb{'^0,5ny''>Ta 
1597^ (^16(9 p3^) 171 ^ y 
'^^TbC^0,p4n)^'^aHf 
i59rpb{^6Q2p2ny'''Lu 
'^^TbC^O,anY"^Lu 
'^^TbC^0,a2nY^^Lu 
'^^Tb{^^0,2a2ny^^Tm 
E^{keY) 
213.9, 318.7 
1085.5, 1109.2 
152.2, 166.1 
175.1, 444.1, 
501.3, 506.1, 
860.4 
986.9, 987.0 
122.0, 137.6 
147.0, 295.6 
347.1, 469.2 
662.2,1071.8 
120.1, 
164.6, 620.6 
667.0 
739.8, 780.7 
193.1 
191.2 
242.8, 296.0 
Abundance(%) 
52, 4.9 
7.6, 14 
5.8", 19.2" 
16", 15.6" 
15.6", 54" 
7.3 
3.3, 5.88 
120", 51" 
16.2", 52" 
56 ", 38" 
100", 56" 
19.0 
33,23 
11.0 
48.1, 4.3 
2.07 
20.7 
35, 23 
(" relative abundance of characteristic 7 lines. 
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1. 5^97^ (^16(9 3n) channel [residue =\l^ Ta, fi/2=36.8 m, J'^ = 3'] 
The evaporation residue ^^^Ta is formed by the complete fusion of ^^O 
with ^^^Tb forming the compound system H^Ta followed by the emission of 
3 neutrons. 
2. ^^^Tb{^^0,4n) channel [residue =\l^ Ta, ii/2=23.3 m, J"" = 5/2"] 
The residue ^^^Ta is formed by the complete fusion of ^^0 with ^^^Tb 
followed by the evaporation of 4 neutrons from the compound nucleus ^^^Ta. 
It may be noted that the measured cross-sections for this reaction are given 
(Table 3.2.2) as relative, since the absolute intensities of the 7-rays for the 
residue ^^^Ta are not known, only relative intensities are given in reference 
[3]. 
3. ^^^TbC^0,5n) channel [residue =\l° Ta, fi/2=6.76 m, J" = 3+] 
The evaporation residue ^^^Ta is formed by the complete fusion of ^^O 
with ^^^Tb forming the compound system \l^Ta followed by the emission of 
5 neutrons. 
The presently measured cross-sections for Ta isotopes produced via com-
plete fusion in the ^^0+^^^Tb system are tabulated in Table 3.2.2. 
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Table 3.2.2 Measured cross-sections for Ta isotopes 
Lab Energy 
(MeV) 
69.3±1.0 
75.2±0.9 
78.7±0.9 
83.2±0.9 
87.2±0.8 
89.6±0.4 
94.6±0.4 
ai'^^Ta) 
(mb) 
0.34 ±0.08 
19.8±3.3 
34.28±4.5 
48.14±5.1 
12.65±2.2 
11.89±2.4 
8.53±1.5 
a{^''^Ta) relative 
(mb) 
-
-
-
72.02±9.4 
50.48±6.0 
59.91±6.1 
22.65±2.5 
a(i^°ra) 
(mb) 
-
-
-
64.91±9.4 
100.27±15.4 
363.48±41.3 
390.19±44.7 
4. ^^^Tb{^^0,p3n) channel [residue =^^^ Hf, ii/2=12.1 h, J"" = 7/2+] 
The residue ^"^^Hf is formed by the complete fusion of ^^O with ^^^Tb 
followed by the evaporation of a proton and 3 neutrons from the compound 
nucleus ^^^Ta. The same residue {^"^^Hf) may also be produced by the elec-
tron capture (EC) and/or P'^ decay of the higher charge precursor isobar 
^l^Ta produced via reaction ^^^Tb{0,4n). The cumulative cross-section of 
^^^Hf has been measured by following the activities at times longer than 
about 8-10 half lives of the precursor, so that precursor completely decays to 
the ^^^Hf. Using the formulations of Cavinato et. al.,[4] described in Chap-
ter II, the independent cross sections for the production of ^^^Hf via reaction 
^^^Tb{0, p3n)have been determined at different energies. Using the formula-
tions of Cavinato et. al.,[4] given in Chapter II, the equation for separating 
the independent yield (Tindi^^^Hf) from the cumulative yield acumC^^Hf), 
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due to the contribution from the precursor {^^^Ta) decay has been obtained 
as, 
'^ZlnHf = aU'''Hf) + 1.03315c7(^^^ra) (1) 
The above equation has been used for separating the independent contri-
butions from the cumulative yield. The cumulative and independent yields 
so obtained are given in Table 3.2.3. It may however be pointed out that 
the intensities of ')-rays from ^^^Hf are relative, as such cross-sections are 
relative as given in Table 3.2.3. 
Table 3.2.3 Cumulative and Independent yields for ^^^Hf isotope. 
Lab Energy 
(MeV) 
78.7±0.9 
83.2±0.9 
87.2±0.8 
89.6±0.4 
96.6±0.4 
Ocumi^'^Hf) rel 
(mb) 
(Cumulative yield) 
5.7±0.63 
107.38±32.9 
65.43±13.2 
72.32±10.4 
27.59±4.2 
cTiW'Hf) rel 
(mb) 
(Independent yield) 
-
32.97±9.4 
13.28±6.0 
10.42±6.1 
4.15±2.5 
5. i59T6(i^O,p4n) channel [residue =\l^ Hf, <i/2=16 h, J'^ = 0+] 
The residue ^^°i// may be formed by the complete fusion of ^^O with 
1592^ ^ followed by the emission of a proton and 4 neutrons from the com-
pound nucleus ^"^^Ta. The same residue {^'^^Hf) may also be produced by 
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the electron capture (EC) and/or Z?"*" decay of the higher charge precursor iso-
bar 73°Ta produced via reaction ^^^Tb{^^0,5n). The cumulative cross-section 
of ^^^Hf has been measured by following the activities at considerably longer 
times, so that precursor completely decays to the ^^° / / / . The independent 
cross section for the production of ^™i// has been separated by using the 
following expression; 
,170 
^ ^ m ^ / = (^indr'^Hf) + 1.007087a('™Ta) (2) 
The cumulative as well as independent yields thus obtained are given in Table 
3.2.4. 
Table 3.2.4 Cumulative and Independent yields for ^™/// isotope. 
Lab Energy 
(MeV) 
83.2±0.9 
87.2±0.9 
89.6±0.4 
94.6±0.4 
CTcumC'^Hf) 
(mb) 
(Cumulative yield) 
84.65±10.0 
177.32±19.5 
574.32±68.8 
427.83±55.0 
ainX'^'H/) 
(mb) 
(Independent yield) 
19.23±3.2 
76.34±10.8 
208.26±26.0 
34.88±6.5 
6. ^^^Ta{^^0,2p2n) channel [residue =^p Lu, fi/2=8.24 d J'^ = 7/2+] 
The residue ^'^^Lu may be formed by the complete fusion of ^^O with ^^^Tb 
followed by emission of two protons and two neutrons or an a particle from 
the compound nucleus ^''^Ta. The same residue ^"^^Lu may also be produced 
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by the fusion of ^^C fragment (if ^^O undergoes breakup into a and ^^C 
fragments) leaving the residue ^^^Lu in excited state. The measured cross 
sections include contributions from both the complete as well as incomplete 
fusion processes. The same residue may also be produced by the electron 
capture (EC) and/or P'^ decay of the higher charge precursor isobars \l^Ta 
and 72^Hf produced via reactions ^^^Tb{0,5n) and ^^^Tb{0, p4n), respec-
tively. The cumulative cross-section of ^^^Lu has been measured by following 
the activities at times considerably longer, so that precursors completely de-
cays to the ^^^Lu. It may, however, be pointed out that one of precursors 
^^^Hf of the residue ^^^Lu may also have precursor decay contribution from 
^"^^Ta. Since, the cross-sections of precursors ( i.e.,^^^Ta and ^^^Hf) of the 
residue ^^^Lu have been measured as relative and hence, independent yield of 
the production of ^^^Lu isotope could not be separated and only cumulative 
yields are given in Table 3.2.5. The measured cross-sections for the residue 
^^ ^ Lu may have contribution from both CF as well as ICF channels. 
7. ^^^n('^0,ftn) channel [residue =\\^ Lu, fi/2=2 d J'^ = 0+] 
The residue ^^'^Lu may be formed by the complete fusion of ^^O with 
i59j'^ followed by emission of an a particle and a neutron from the com-
pound nucleus ^''^Ta. The same residue may also be produced by the fusion 
of ^^C fragment (if ^^0 undergoes breakup into a and ^^C fragments) fol-
lowed by the emission of a neutron. The measured cross sections may have 
contributions from both the complete as well as incomplete fusion processes. 
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8. ^^^Tb{^^0,a2n) channel [residue =\f Lu, ti/2= 34 h J'^  = 7/2^] 
The residue ^^^Lu may be produced by the complete fusion of ^^O with 
159 j - ^ followed by emission of an a particle and two neutrons from the com-
pound nucleus ^^^Ta. The same residue ^^^Lu may also be produced by the 
incomplete fusion of ^^C fragment (if ^^O undergoes breakup into a and ^^C 
fragments) followed by the emission of two neutrons. The measured cross 
sections include contributions from both the complete as well as incomplete 
fusion processes. 
9. ^^^Tb{^^0,2a2n) channel [residue =lf Tm, ti/2= 1.25 d J"" = 1/2+] 
The residue ^^Tm may be formed by the complete fusion of ^^0 with 
isgj'^ followed by emission of two a-particles and two neutrons from the 
compound nucleus ^^^Ta. The same residue ^^^Tm may also be produced by 
the fusion of ^Be fragment (if ^^O undergoes breakup into 2Q;-particles and a 
^Be fragments) followed by the emission of two neutron. The measured cross 
sections include contributions from both the complete as well as incomplete 
fusion processes. 
The measured cross-sections for Lu and Tm isotopes produced via com-
plete as well as incomplete fusion in the ^^0+^^^Tb system are listed in Table 
3.2.5 
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Table 3.2.5 Measured cross-section for Lu and Tm isotopes. 
Lab Energy 
(MeV) 
78.7±0.9 
83.2±0.9 
87.2±0.8 
89.6±0.4 
94.6±0.4 
ai^'^Lu) 
(mb) 
29.54±3.1 
61.63±6.5 
1667.62±170.6 
611.80±64.0 
255.89±26.3 
a(^ ™Lu) 
(mb) 
-
6.54±1.5 
8.8±1.6 
49.81±6.7 
31.33±5.4 
ai'^^Lu) 
mb 
4.24±0.5 
76.84±11.2 
43.48±4.5 
80.65±9.4 
34.49±4.5 
ai'^^Tm) 
mb 
-
5.53±0.6 
7.54±0.8 
10.36±1.3 
5.76±1.1 
56 
3.3 1^0 -hhf Tm SYSTEM 8 69 
Table 3.3.1. List of reactions, identified 7-rays and their branch-
ing ratios. 
S. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Reaction 
i«9Tm(^«0,3n)^82;7-
i69Tm(i60,4n)i«'/r 
^^^Tm{^^0,p2ny^^0s 
i69Tm(i60,p3n)i8i»05 
^^^TmC^O.oY^'Re 
i69Tm(i60,a3n)i^8fle 
^^^Tmi^^OMpny^Hf 
^^^Tmi^^OMnf^Lu 
E^ikeY) 
126.9 
273.09, 764.15, 
891.07, 912.22, 
107.6, 123.5 
184.6, 227.0, 
231.6, 318.9, 
180.22 
263.29 
238.68, 
826.74 
360.7 
365.59, 
237.19 
343.4 
1093.6 
Abundance(%) 
34.4 
43, 5.6 
5.7, 8.7 
100", 28" 
28", 58" 
30", 46" 
34.7 
6.6 
44 
20.2 
20 
57.0 
45 
87 
63.5 
(° relative abundance of characteristic 7 lines. 
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1. ^^^Tm{^^0,3n) channel [residue =^f Ir, fi/2=15 m ] 
The residue ^^^Ir is formed by the complete fusion of ^^O with ^^^Tm 
forming the compound system j^Ir followed by the evaporation of 3 neu-
trons. 
2. ^^^Tm(^^0, An) channel [residue =\f Ir, fi/2=4.9 m, J'^ = 7/2^] 
The residue ^*^/r is formed by the complete fusion of ^^O with ^^^Tm 
followed by the evaporation of 4 neutrons from the compound nucleus ^^^Ir. 
It may be noted that the measured cross-sections for this reaction are given 
in Table 3.3.2 as relative, since the absolute intensities of the 7-rays for the 
residue ^^^Ir are not known, only relative intensities are given in reference 
[3]. 
The presently measured cross-sections for Ir isotopes produced via com-
plete fusion in the ^^0+^^^Tm system are tabulated in Table 3.3.2 
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Table 3.3.2 Measured cross-sections for Ir isotopes 
Lab Energy 
(MeV) 
71.7±1.0 
74.9±0.9 
78.7±0.9 
82.0±0.8 
85.8±0.8 
88.9±1.0 
91.6±0.4 
94.6±0.4 
a(^«2/^) 
(mb) 
3.28±0.7 
42.30±7.2 
59.86±13.9 
86.43±14.8 
47.64±7.7 
35.23±3.9 
13.77±3.15 
8.47±1.4 
ai}^^ Ir)relative 
(mb) 
-
3.44±1.5 
16.72±2.3 
26.12±4.3 
38.06±9.5 
48.53±5.1 . 
35.03±5.5 
28.12±3.8 
3. ^^^Tm{^^0,p2n) channel [residue =\f Os, ti/2=21.6 h, J"" = 0+] 
The residue ^^"^Os is formed by the complete fusion of ^^O with ^^^Tm 
followed by the evaporation of a proton and 2 neutrons from the compound 
nucleus ^^Ir. The same residue ^^"^Os may also be produced by the electron 
capture (EC) and/or 0'^ decay of the higher charge precursor isobar \j^Ir 
produced via the reaction ^^^Tm(^^0,3n). The cumulative cross-section for 
the production of ^^"^Os has been measured by following the activities at 
times longer than about 8-10 half lives of the precursor, so that precursor 
completely decays to the ^^"^Os. The independent cross sections for the pro-
duction of ^®^0s has been determined using the expression: 
(^cum = (Tindr^Os) + 1.011709a(^«^/r) (3) 
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4. ^^^Tm{^^0,p3n) channel [residue =\f Os, ti/2=1.75 h, J'' = l/2~] 
The evaporation residue ^^^Os is formed by evaporation of a proton and 
3 neutrons from the compound nucleus ^^^Ir. The same residue ^^^Os may 
also be produced by the electron capture (EC) and/or /?"'' decay of the higher 
charge precursor yf^/r isobar produced via the reaction ^^^Tm{^^0, An). The 
cumulative cross-section of ^^^Os has been measured by following the activ-
ities at considerably longer times. In this case the independent cross section 
of residue ^^^Os could not be separated since the cross-sections of its pre-
cursor are relative. Since, the counting was started after 10 min of the stop 
of irradiation, as such, the activity of metastable state of \l^Os of half life 
ti/2 = 2.5 min could not be observed. 
The measured cross-sections for Os isotopes produced via complete fusion 
in the ^^0+^^^Tm system are listed in Table 3.3.3. 
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Table 3.3.3 Measured cross-sections for Os isotopes. 
Lab Energy 
(MeV) 
71.7±1.0 
74.9±0.9 
78.7±0.9 
82.0±0.8 
85.8±0.8 
88.9±1.0 
91.6±0.4 
94.6±0.4 
<yc.m{'''Os) 
(mb) 
(Cumulative yield) 
4.58±1.4 
82.77±10.0 
139.41±22.9 
155.6±20.7 
107.46±14.4 
71.50±9.9 
29.37±4.1 
18.42±3.7 
cW'^Os) 
(mb) 
(Independent yield) 
1.26±0.6 
39.98±5.1 
78.85±13.8 
68.15±8.3 
59.28±7.5 
35.84±6.2 
15.45±4.4 
9.85±2.7 
ai^^^Os) 
(mb) 
2.72±0.4 
4.81±1.2 
32.81±4.3 
129.0±16.3 
198.02±23.3 
250.92±31.1 
153.8±17.8 
173.1±22.8 
5. ^^^Tm{^^0,2p2n) channel [residue =11^ Re, fi/2=20 h, J'^ = 5/2" ]^ 
The evaporation residue ^^^Re may be produced by evaporation of 2 pro-
tons and 2 neutrons or an a particle from the compound nucleus ^^^Ir. The 
residue ^^^Re may also be populated by the electron capture (EC) and/or ^^ 
decay of the higher charge precursor isobars i.e., 77^/r and ^l^Os produced 
via reactions ^^^Tm{0,4n) and ^^^Tm{0,p3n), respectively. In the present 
measurements the independent cross section of residue ^^^Re could not be 
separated because the cross-sections of one of its precursors ^^^Ir are not 
absolute but relative, as such cumulative cross-sections for residue ^^^Re are 
given in Table 3.3.4. 
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6. ^^^Tm{^^0,a3n) channel [residue =^P Re, fi/2=13.2 m, J'^  = (3)] 
The evaporation residue ^^^Re may be formed by the complete fusion of 
^^O with ^^^Tm followed by emission of an a particle and a neutron from 
the compound nucleus ^*^/r. The same residue may also be produced by the 
fusion of ^^C fragment (if ^^O undergoes breakup into a and ^^C fragments) 
followed by the emission of three neutrons. The measured cross sections 
include contributions from both the complete as well as incomplete fusion 
processes. 
The experimentally measured cross-sections for Re isotopes produced via 
complete as well as incomplete fusion in the ^^0+^^^Tm system are listed in 
Table 3.3.4. 
Table 3.3.4 Cross-sections for ^^^Re and ^"^^Re isotopes. 
Lab Energy 
(MeV) 
71.7±1.0 
74.9±0.9 
78.7±0.9 
82.0±0.8 
85.8±0.8 
88.9±0.8 
91.6±0.4 
94.6±0.4 
ai'^'Re) 
(mb) 
2.66±0.7 
5.35±0.7 
137.37±28.7 
391.49±83.0 
594.02±90.6 
607.94±86.7 
526.23±78.6 
441.99±66.9 
aC'^^Re) 
(mb) 
-
-
1.74±0.2 
5.2±0.8 
9.02±1.2 
27.34±5.3 
32.14±3.7 
34.31±5.5 
62 
7. ^^^Tm{^^0,2apn) channel [residue =^p Hf, ti/2=70 d, J'^  = 5/2~] 
The evaporation residue ^^^Hf may be formed by the complete fusion of 
^^O with ^^^Tm followed by emission of 2a-particles, a proton and a neutron 
from the compound nucleus ^^^Ir. The same residue ^^^Hf may also be 
produced by the fusion of ^Be fragment (if ^^O undergoes breakup into 2a;, 
and ^Be fragments) followed by the emission of a proton and a neutron. The 
measured cross sections include contributions from both the complete fusion 
as well as incomplete fusion processes. 
8. ^^^Tm(^^0, San) channel [residue =^P i^, £i/2=6.7 d, J" = 4'] 
The evaporation residue ^^"^Lu may be formed by the complete fusion of 
^^O with ^^^Tm followed by emission of 3a-particles and a neutron from the 
compound nucleus ^^^Ir. The same residue ^^^Lu may also be produced by 
the incomplete fusion of a-particle (if ^^0 undergoes breakup into a, and 
^^C fragments) followed by the emission of a neutrons. The measured cross 
sections include contributions from both the complete as well as incomplete 
fusion processes. 
The measured cross-sections for Hf and Lu isotopes produced via com-
plete as well as incomplete fusion in the ^^0+^^^Tm system are listed in table 
3.3.5. 
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Table 3.3.5 Experimentally measured cross-sections for ^^^Hf and ^^^Lu 
isotopes. 
Lab Energy 
(MeV) 
78.7±0.9 
82.0±0.8 
85.8±0.8 
88.9±0.8 
91.6±0.4 
94.6±0.4 
ai'^'Hf) 
(mb) 
-
-
0.57±0.1 
2.53±0.4 
2.96±0.5 
4.62±0.6 
ai^'^^Lu) 
(mb) 
14.93±2.1 
20.58±2.6 
31.32±3.9 
30.27±3.7 
28.39±3.1 
28.1±3.3 
3.4 Measurement of recoil range distribu-
tions 
In the experiment performed to study recoil range distributions, the ac-
tivities induced in the individual catcher foils have been followed off-line one 
by one. The residues were identified by their characteristic 7 radiations and 
half lives. The experimental cross-sections corresponding to various radioac-
tive residues in each catcher have been computed by using the intensities 
of identified 7 rays in individual catchers. The cross-section for a partic-
ular evaporation residue in each catcher was obtained using equation 3 of 
chapter II. In order to obtain the recoil range distributions, the measured 
cross-section for each evaporation residue in individual catcher was divided 
by the respective thickness of that catcher. The results of recoil range dis-
tribution (RRD) measurements for g^ O +11^ Tm system at 86.6 MeV, are 
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tabulated in Tables 3.3.6 and 3.3.7, respectively. 
Table 3.3.6 Measured RRD for Ir, Os and Re isotopes 
Cumulative catcher 
thickness {ng/cm^) 
16.8 
36.4 
63.8 
91.7 
120.3 
149.8 
180 
210.6 
241.9 
273.9 
306.1 
339.3 
373.2 
410.3 
450.2 
494.4 
540.5 
587.6 
a(^«2/r) 
{mh/mg/cm^) 
-
80.1 
80.3 
150.2 
-
-
-
-
-
590.4 
730.2 
-
3060.2 
2370.1 
1410.5 
570.3 
-
-
o{^''''0s) 
{uAilmglcrn^) 
-
598.3 
491.6 
503.1 
574.1 
647.2 
779.8 
895.0 
1010.2 
1040.4 
1069.8 
1111.1 
914.7 
700.8 
545.0 
351.2 
-
-
a{}^^Os) 
{mh/mg/crn^) 
-
825.9 
499.5 
647.1 
794.7 
861.6 
1203.6 
1252.8 
1302.0 
1457.8 
1480.8 
1508.9 
1130.0 
932.6 
645.5 
444.3 
242.0 
183.7 
ai'^'Re) 
{mh/mg/cw,^) 
-
2713.1 
2301.3 
2802.7 
3302.5 
3820.4 
4929.2 
5636.1 
6343.0 
5879.3 
6532.2 
6921.1 
5577.0 
3859.1 
2601.2 
1580.7 
-
-
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Table 3.3,7 Measured RRD for Re, Hf and Lu isotopes 
Cumulative catcher 
thickness {ng/cm^) 
16.8 
36.4 
63.8 
91.7 
120.3 
149.8 
180 
210.6 
"241.9 
273.9 
306.1 
339.3 
373.2 
410.3 
450.2 
494.4 
540.5 
587.6 
aC'^Re) 
{mh/mg/cm?) 
-
93.1 
75.7 
-
-
200.2 
298.9 
305.7 
-
71.39 
58.6 
170.3 
-
-
-
-
-
-
ai^'^Hf) 
(mb/m^/crn^) 
710.5 
716.4 
720.3 
710.2 
1750.5 
2002.4 
1960.8 
1840.0 
1760.2 
2098.9 
1770.5 
1450.2 
1675 
1358.2 
1200.4 
815.5 
-
-
ai^^^Lu) 
{mb/mg/cm?) 
122.5 
185.6 
421.7 
263.6 
332.9 
302.2 
258.6 
195.6 
-
-
-
-
-
-
-
-
-
-
aC^'Lu) 
{mh/mg/cm?) 
331.4 
379.4 
498.3 
441.2 
600.5 
350.1 
256.3 
222.6 
84.1 
-
-
-
-
-
-
-
-
-
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Chapter IV 
Computer Codes 
In the present work, theoretical calculations of the excitation functions 
have been done using three different computer codes viz., ALICE}-91[1], 
CASCADE[2] and PACE2[3] based on statistical models. A brief descrip-
tion of these codes and their parameters is given here. 
4.1 ALICE-91 
The code ALICE-91 [1] is based on the Weisskopf-Ewing model [4] for 
compound nucleus reaction (equilibrium) while pre-equiUbrium emission is 
simulated within the frame work of Hybrid/geometry dependent hybrid model 
[5, 6]. In this code the possibility of incomplete fusion has not been taken 
into account but it can compute statistical fission cross-sections utilizing 
Bohr-Wheeler approach with angular momentum dependent ground state 
and saddle point energies. The particles which could be emitted are neutrons, 
protons, deuterons and/or a particles. The code may calculate the reaction 
cross-section for the residual nuclei upto 11 mass and 9 atomic number units 
from the compound nucleus. Myers-Swiatecki/Lysekil mass formula [7] is 
used for calculating Q-values and binding energies of all the nuclei in the 
evaporation chain. 
The inverse reaction cross-sections used in the code are calculated using 
the optical model [8] subroutines, although there is an option of classical 
sharp cut off model also. The transmission coefficients are calculated using 
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the paxabolic model of Thomas [9] for heavy ions. Calculations in this code 
are done assuming equipartition of energy among the initially excited par-
ticles and holes. The important input parameters required in this code are, 
the level density parameter a, the initial exciton number n^ and the mean 
free path (MFP) multiplier 'COST' along with the description of the pro-
jectile and target nucleus. The MFP for intranuclear transition rates may 
be calculated from the optical model of Becchetti and Greenlees [10] or from 
Pauli corrected nucleon-nucleon cross-sections [11, 12]. The MFP multiplier 
COST is used to adjust the nuclear mean free path in order to reproduce 
the experimental data. It accounts for the difference, if any, between the 
calculated and the actual MFPs for two-body residual interactions. 
Level densities of the residue may be calculated either from the Fermi 
Gas model or from the constant temperature form. The Fermi gas model 
gives [13], 
p{U) = (f/ - 5)-^/*exp(2^a(f/-<5)) (1) 
where, 6 is the pairing term and U is the excitation energy of the nucleus. 
The level density parameter a is taken as A/K, where A being the mass 
number of the nucleus and K is an adjustable parameter. The level density 
P(u) is given as [14], 
p(C/)oci£^/^ (2) 
The differential cross-section for emitting a particle with channel energy 
£ may be written as (cross-section per unit energy to emit a particle of type 
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J- _ \ 2 oo oo I+l 
a s u 47r ^^|Q| ,^IQI j=|/-/| 
where, A is the de-Broghe wavelength of the incident ion, T/ the trans-
mission coefficient of the /" ' partial wave of the incident ion, p(£, J) the spin 
dependent level density for the residual nucleus, D the integral of numera-
tor over all particles and emission energies, e the excitation energy of the 
compound nucleus. S„ is the intrinsic spin of the particle u, T^u{e) is the 
transmission coefficient for the particle u with kinetic energy e and orbital 
angular momentum /. 
In the Weisskopf-Ewing calculations, the nuclear moment of inertia is in-
finite and hence there is no energy tied to rotation, thus no level density cut 
off at high spin. This code does not take into account the angular momentum 
involved in heavy ion reactions. The heavy ion projectile imparts large an-
gular momentum to the composite system having a finite moment of inertia 
and hence greater rotational energy. Due to nuclear rotation, a nucleus with 
a given angular momentum J, can not have energy below a minimum value 
I r jp mm 
Er'-^j{j+i)^^ (4) 
here, / being the moment of inertia of the composite nucleus. 
If in the last stages of nuclear de-excitation, higher angular momentum 
of the nucleus inhibits particle emission more than it does 7 emission, then, 
the peak of the excitation functions corresponding to particle emission mode 
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will be shifted to higher energy [15]. A similar shift may also be produced 
if the mean energy of the evaporated particles increases with increasing nu-
clear spin. One way of obtaining an estimate of the overall energy shift 
is from the nuclear rotational energy. For a rigid body moment of inertia, 
Erot ^ {m/M)Eiab, where, m/M is the ratio of the projectile and target 
masses and Eiab is the incident energy [15]. To account for the large angular 
momentum imparted to the composite system, it is desirable to shift the 
calculated excitation functions by the amount approximately equal to Erot-
4.2 CASCADE 
The code CASCADE [2] is based on Hauser-Feshbach theory[16] of com-
pound nucleus and is frequently used to calculate the reaction cross-sections 
for heavy ions. It is assumed that the compound nucleus has lost all its 
memory about the formation by the time a thermodynamic equilibrium is 
attained. This code computes the reaction cross-sections for long lived or 
stable product nuclei in the ground state formed by the de-excitation of 
the compound nucleus. The decay probabilities are determined by the level 
densities of the daughter nuclei and the barrier penetrabilities for the var-
ious channels. This code does not take into account the possibility of pre-
equilibrium emission and/or incomplete fusion. However, the present version 
of the code includes fission competition. The liquid drop fission barrier is as-
sumed. Some of the input parameters like the mass of nuclide and the trans-
mission coefficients for the emitted particles are computed using codes MASS 
and TLCALC, respectively, for the region of interest and stored permanently 
on the disc. The optical model potentials of Becchetti and Greenlees [10] are 
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used for calculating the transmission coefficients for protons and neutrons, 
and optical model potential of Satchler [17] is used for a particles. Fermi gas 
model is used for calculating the level densities for the product nuclei. 
At low excitation energies, the parameters can be determined empirically. 
However, attention is required for the spin dependence of level densities in 
the region of high excitation. This is because of the high angular momenta 
involved in heavy ion reactions. 
The partial cross-section for the formation of the compound nucleus of 
spin J and parity n from a projectile and a target nuclei of spins Jp and JT 
respectively, at center of mass energy E is given by [18], 
TTA^ (2J + 1) '"^^ ' ^ 
47r2 (2Jp + l ) ( 2 J r + 1)5=17^-7^1^=1 J - s | 
here, Ti the transmission coefficients, depend on the energy and the or-
bital angular momentum . S=(Jp + JT) is the channel spin. The T^ , as a 
function of angular momentum is approximated by a Fermi distribution. 
^'' l + exp[-iL-Lo)/d] ^^^ 
Where, Lo is the grazing angular momentum and d is the diffuseness param-
eter. 
In case of even-even nuclei, the spin of the projectile and the target is 
taken as zero. The partial cross-section is given as. 
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a = ^{2L + l)n(E) (7) 
Thus the total cross-section is given by, 
47r2 
<rt = j:::^Y:i'^L + i)TUE) (8) 
L=0 
The total fusion cross-section for the maximum angular momentum Lc of 
the CN is given by; 
^f = ^i:i'^L + l)T,{E) (9) 
In statistical model calculations, the critical angular momentum Lc for 
CN fusion may be sharp limit, or may have some overlap from Lc to higher 
L determined by the diffuseness parameter d. 
The level density p at an excitation energy E and spin J is given by [19], 
p(E,J)=u{E,M = J)-uiE,M = J+l) (10) 
with the level densities 
uiE,M) =uj{E - M'/aR,0)ME,0) = ^ ^ - 1 - ^ e x p ( 2 ^ a C / ) (11) 
and the equation of state, 
U = E-A = at'^-^t (12) 
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Here, a is the level density parameter, which determines the energy de-
pendence, A is the pairing energy which determines the zero point of the 
effective excitation energy U = E — A and t is the thermodynamic temper-
ature given by the equation of state. The spin dependence is determined 
by the parameter aR = 21/h^ where, / is the effective moment of inertia 
obtained from the low lying states of the isotope. 
I^lmr^ (13) 
5 
with, r = roA^^^ 
The level density formula implies a yrast line, 
ErotiJ) = AJ + i)/aR + A = '^^'^+^^^^' + A (14) 
when large range of excitation energies are involved the parameters used 
should be energy dependent, therefore, the entire energy region is divided 
into three regions. 
Region I (Low excitation energy E<3 to 4 MeV) 
Here, the experimentally known levels are used. 
Region II (Medium excitation energy 4<E<10 MeV) 
Here, the analytic level density formula is applied. The parameters a and 
A can be determined empirically for each nucleus as was done by Vonach et. 
al., [20] andDilget. al., [21]. 
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Region III (High excitation energy E>£JLDM) 
In this region, very Uttle is known about the level densities. So it is 
assumed that at a sufficiently high excitation energy EL,DM, a-H nuclei behave 
as predicted by liquid drop model (LDM). Analytical form of Fermi gas 
level density is used here and both parities are assumed equiprobable. The 
parameter a=aLDM is taken to be (1/8)74 MeV~^. The pairing shift ALDM 
is calculated assuming that the virtual ground state for the level density in 
this region should coincide with the ground state energy of a spherical liquid 
drop which can be calculated from one of the following options (1) Myers-
Swiatecki mass formula (2) Dilg et. al.[21] (3) Kataria[22]. The moment 
of inertia which determines the spin dependence is taken to be that of a 
deformable liquid drop with gyrostatic motion. 
4.3 PACE2 
The code PACE2[3] is used to calculate the reaction cross-section of highly 
excited compound nucleus having higher angular momentum. In this code 
the most of required input parameters have been used as default except the 
charge and mass of the projectile and target nucleus. Fission is considered as 
a decay mode, while the incomplete fusion is not taken into account. Since 
angular momentum conservation is explicitly taken into aecount at each step, 
the calculated excitation functions need not be shifted for rotational energy 
correction. 
The partial cross-section for compound nucleus formation at angular mo-
mentum L and specific bombarding energy is given by, 
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a^ = ^ ( 2 L + i m (15) 
where, A is the reduced wavelength and TL is given by, 
Ti = [l + exp(L-L^ax)/<5]-' (16) 
where, 8 is the diffuseness parameter and Lmax is detained by total fusion 
cross-section, 
oo 
CF = Y^OL (17) 
L=0 
The transmission coefficients for the evaporation of light particles (n, 
p, a), during the first step of de-excitation are obtained by optical model 
calculations. In this code the fission decay mode may be considered using a 
rotating liquid fission barrier routine[3]. Angular momentum projections are 
calculated at each stage of de-excitation which enables the determination of 
the angular distribution of the emitted particles. It may be pointed out that 
PACE2 code carries out only the statistical equilibrium iiiodcl calculations 
and does not take PE emission into consideration. 
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Chapter V 
Results and Discussion 
Excitation functions (EFs) for twenty three reax^tions induced by ^^C in 
^^^Te and by ^^O in ^^^Tb and ^^^Tm target nuclides have been measured at 
energies below 7 MeV/nucleon. A hst of these reactions is given below; 
i28re(i2C,3n)i37-Ce, '^^Te{'^C,5ny^Ce, '^^Tei'^'CjAnY^^La, 
i59r6('«0,3n)i^22^a, ^^^Tb{'^0,4ny^'Ta, ^^^Tb{'^0,5ny''^Ta, 
'^^Tb{'^0,p3ny'Lu, 1592^^ (160 p4^)i7o^^^ '^^Tb{'^0,ay"Hf, 
^^^Tbi^^O^anf^Hf, ^^^Tb{^^0,a2ny^^Hf, '^^Tb{^^0,2a^ny^^Tm, 
i69Tm(i60,3n)i82/r, ^^^TmC^OAnY^^Ir, ^^^Tm{0,p2ny^^0s, 
^^^TmC^0,p3ny^^0s, ^^^Tm{^^0,ay^'Re, ^^^Tmi^^O,a3ny''^Re, 
^^^TmC^OMpny^^Hf and '^^TmC^0,3any''^Lu. 
The measured EFs for these reactions are presented in Figs.5.1.1 to 5.3.6. 
The analyses of excitation functions have been performed using three different 
computer codes viz., ALICE-91[1], CASCADE[2] andPACE2[3]. To the best 
of our knowledge measurement and analysis of these EFs are being reported 
for the first time. To separate out the relative contributions of complete and 
incomplete fusion, the recoil range distribution of various residues produced 
in the interaction of ^^O with ^^^Tm have also been measured at 86.6 MeV. 
A detailed description of the measurements and computer codes used in the 
present analysis has already been given in Chapters III and IV, respectively. 
The vertical error bars presented in the experimental cross-sections represent 
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the overall errors in the measured values as discussed in Chapter II. The size 
of the data points include the uncertainty in the incident energies. Details of 
the calculations done using different codes, the parameters involved and the 
analysis of the EFs are presented in the following; 
5.1 Analysis with Code ALICE-91 
The code ALICE-91[1] has been developed by M. Blann, to account for 
the equiUbrium (CN) as well as pre-equilibrium (PE) emission in hght and 
heavy ion induced reactions. The CN calculations in this code are performed 
using Weisskopf-Ewing model[4], however, PE component is simulated using 
Hybrid/Geometry Dependent Hybrid model[5]. In this code the level den-
sity parameter a, the mean free path multiplier COST and initial exciton 
number TIQ are some of the important parameters. The level density parame-
ter a affects the equilibrium as well as pre-equilibrium component, while the 
initial exciton number TIQ and mean free path multiplier COST govern the 
pre-equilibrium component. The level density parameter a is calculated from 
the expression a=A/K, where, A is the mass number of the residual nucleus 
and K is & parameter which can be varied to match the experimental data. 
Calculations have been performed for different values of these parameters. As 
an example the effect of variation of parameter K on calculated EFs using 
code ALICE-91 for the reactions ^^^TeC^C,3ny^'^"'Ce, ^^TeC^C,5ny^^Ce, 
'^^Te{'^C,pAny^^La, '^TeC^C,a3n)i33-5a and '"^^TeC^C,cxbny^'Ba is 
shown in Figs 5.1.1 (a-e). As can be seen from these figures, the calcu-
lated EFs satisfactorily reproduce the experimental data for ^^C -|-^ *^ Te and 
16^ +159 Tb systems with K = 18. However, a value of i^ = 22 satisfactorily 
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5.1.1 Experimentally measured and theoretically calculated 
EFs using code ALICE-91. Effect of variation of parameter 
K on calculated EFs is also shown. 
reproduce the experimental data for ^^O +^^^ Tm system. These values of 
K are consistent with the values given by Dilg et. al.,[6]. In code ALICE-
91 which uses the hybrid model, the intermediate states of the system are 
characterised by the excitation energy E and number Up of excited parti-
cle and Uh of excited holes. Particles ajid holes are defined relative to the 
ground state of the nucleus and are called excitons. The initial configiuration 
of the compound system defined by the exciton number JIQ = Up + Uh is an 
important parameter of PE formalism. It is of particular interest to look 
for the initial exciton number required to reproduce the data. Calculations 
have been done using different values of initial exciton number no. For ^^C 
induced reactions a value of no=12 with configiiration (6p + 6n + O/i) and 
for ^^O induced reactions a value of 7io=16 (8p + 8n + Oh) has been found to 
satisfactorily reproduce the experimental data, where, p, n and h represent 
the number of excited protons, neutrons and holes respectively. As a repre-
sentative case, in order to see the effect of variation in the values of the initial 
exciton number UQ, on calculated EFs, calculations for two different initial 
exciton configurations i.e., no=12 (6p -1- 6n -I- Oh) and no = 14(6p + 7n + Ih) 
for reaction ^^^Te(^^C,Sn)^^'^"'Ce is shown in Figs.5.1.2 along with the CN 
calculations. It may be seen from these figures that lower value of initial 
exciton number gives, in general, larger pre-compound contributions. It is 
because of the fact that lower value of the no means larger number of two-
body interactions prior to the establishment of equilibrium characteristic of 
CN resulting in larger pre-compound contribution. In all these calculations 
the value of parameter COST has been taken consistently equal to 2. Fur-
ther, it has been observed that the calculated EFs are not very much affected 
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Fig.5.1.2 Experimentally measured and theoretically calculated 
excitation functions using code ALICE-91 for CN and 
pre-compound reactions. Effect of variation of parameter 
n„ is also shown. 
by the variation in the value of parameter COST, in this energy range. As 
a representative case the effect of variation of parameter COST on the cal-
culated EF for the reaction ^^^Te(^^C,3ny^''"'Ce is shown in Fig.5.1.3. 
It may be pointed out that the maxima of the measured EFs peak at ener-
gies higher than the corresponding calculated EFs. This is expected, since in 
ALICE-91 calculations the angular momentum effects have not been taken 
into account. In HI induced reactions incident particle imparts relatively 
larger angular momentum to the composite system. If, in the last stages of 
nuclear de-excitation, higher angular momentum inhibits particle emission 
more than it does 7 emission, then, the peaJc of excitation function corre-
sponding to the particle emission mode will be shifted to higher energies [7]. 
The effect is more pronounced in heavy ion (HI) reactions as compared to the 
light ion reactions, since the rotational energy is much greater in case of HI 
reactions. An estimate of the possible shift due to angular momentum effects 
may be calculated from the nuclear rotational energy. For a rigid body, the 
rotational energy Eroi ^  {•m/M)Eiab, where m/M is the ratio of the projectile 
and the target nucleus masses and Eiab is the incident energy[7]. Since the 
anguleir momentum effects have not been considered in the Weisskopf-Ewing 
calculations of present version of ALICE-91 code, it is desirable to shift the 
calculated excitation functions by the amount approximately equal to Erot 
as calculated above. It has been observed that the ALICE-91 calculations 
satisfactorily reproduce the experimental data when the energy scale of the 
calculated excitation functions are shifted by respective Erot values. As an 
example, the calculated EFs with an energy shift equal to Erot for reactions in 
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Fig.5.1.3 Experimentally measured and theoretically calculated 
EFs using code ALICE-91. Effect of variation of parameter 
COST on calculated EFs is also shown. 
i59r6(^«C>,.Tn)^75-^ra (x=3-5) and ^^^Tb{^^0,pZnf^^^Hf are shown in Figs 
5.1.4 (a-d), while for reactions ^^^Tm{^^0,^nY^^Ir, '^^TmC^O,in)'^'Ir, 
i69xm{^^0,p2ny^^Os, and ^^^Tm.{^^0,p3ny^^0s are shown in Figs 5.1.5 
(a-d), respectively. The unshifted calculated EFs are also shown by dot-
ted lines in these figures for comparison. It may, however, be pointed out 
that the experimentally measured values of cross-section for the reactions 
i^QTbC&OAny^Ta, ^^^Tb{^^0,p3ny'^^Hf (Figs.5.1.4 b and c) and 
^^^Tm(^^0,4ny^^Ir (Figs.5.1.5 b) are relative, since the absolute intensities 
of the 7 rays are not known, only relative intensities are available[8], hence the 
measured value of the EFs are not in agreement with the theoretically calcu-
lated EFs using code ALICE-91. The enhancement in the measured EFs for 
the reactions ^^Te{^^C,a3ny^'^Ba and ^^^Te{^^C,abny^^Ba, in general, 
as compared to the theoretical predictions as shown in Figs 5.1.1 (d and e), 
may be attributed to the fact that these channels may be populated not only 
by the CF of ^^ C but may also have significant contribution of ICF of '^C (if 
^^C breaks up into ^Be and a particles) with ^^^Te. It may be observed from 
the Figs 5.1.1 that the measured cross-sections for all cases in the vicinity 
of the Coulomb barrier is considerable higher than the calculated using code 
ALICE-91. Though, no definite reason may be assigned for this but it may 
be attributed to the distortion in the shape of eflfective potential between the 
interacting ions at small separations. The observed enhancement of mea-
sured EFs over their calculated values for the reactions ^^^Tb{^^0,ay^^Hf, 
'^^TbC^O,any'°Hf, '^^TbQ^O,cx2nf^^Hf [Figs. 5.1.6 (b-d)], and for reac-
tions i69rm(i«0,a)i«i/?e, ^^^Tm{^^0,a2>ny''^Re [Figs. 5.1.8 (b and c)], may 
be attributed to the fact that these channels are populated not only by the CF 
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Figs.5.1.6 Experimentally measured and theoretically calculated 
EFs using code ALICE-91. 
of '^0 but also may have significant contributions from ICF (if ^^O breaks up 
into a, ®Be and ^^ C fragments). It may be pointed out that ALICE-91 does 
not take in to account the incomplete fusion in calculations. Further,the 
theoretical calculations for reactions ^^^Te(^2C,a4pn)^^^'"Te,(Fig 5.1.1 f) 
159^6(160,2a2n)i65j^ (Fig 5.1.7), ^^^Tm{^^0,3any'^^Lu and 
^^^Tm,{^^0,Sa2ny''^Lu (Figs 5.1.8 c and d) are not shown since the calcu-
lated values of cross-sections for these cases are negligibly small (less than 
0.01 mb). As such, it may be concluded that the major contribution to these 
reaction channels come from the incomplete fusion. 
5.2 Analysis with Code CASCADE 
The code CASCADE[2] is based on Hauser-Feshbach theory[9] and does 
not consider the possibiUty of incomplete fusion (ICF) and/or PE emission. 
In this code the level density parameter constant K and the ratio of actual 
moment of inertia to the rigid body moment of inertia of the excited sys-
tem Ff), are the two important parameters which may be varied to match 
the experimental data. Fermi-gas model is used in this code to calculate 
the level densities of the product nuclei. The transmission coefficients, in 
these calculations are generated using the optical model potentials of Bec-
chetti and Greenlees[10] for neutrons and protons and that of Satchler[ll] for 
a-particles. The effect of variation in the values of level density parameter 
constant K on the calculated EFs for several reactions are shown in Figs 
5.2.1 (a-e), 5.2.3 and 5.2.4 (a-d). The measured cross-sections for the corre-
sponding reactions are shown in these figures. It may however, be noted that 
theoretical calculations with K = S iov the reactions ^^^Tb(^^0,ay'^^Lu and 
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EFs using code CASCADE. Effect of variation of parameter 
K on calculated EFs is also shown. 
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Figs. 5.2.2 Experimentally measured and theoretically calculated EFs 
using code CASCADE. Effect of variation of parameter 
K is also shown. 
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Figs. 5.2.5 Experimentally measured and theoretically calculated 
EFs using code CASCADE. 
^^^Tb{^^0,any^^Lu gives negligible cross-sections and therefore, not shown 
in Figs. 5.2.3 b and c. As can be observed from these figures, a value of 
/(' = 14 is found to reproduce the data satisfactorily, in general. 
The parameter Fg, which is the ratio of actual moment of the inertia of 
the excited system to rigid body moment of inertia is also a free parame-
ter of the code. The value of Fg has been varied from 0.55 to its default 
value 0.85. As a representative case the effect of variation in parameter Fg 
on calculated EFs for reactions ^^^TeC'^C,3ny^'^"'Ce, ^^^Te{^^C,5ny^^Ce, 
^^^TeC^CpAnY^^La and ^^^Te{^^C,a3ny^^"'Ba are shown in Figs. 5.2.6 
(a-d), and found to have neghgible effect on calculated EFs. 
In HI induced reactions of interest the high angular momentum and exci-
tation energy is expected to have considerable influence on the de-excitation 
cascade. Since in HI reactions increasing excitation energy also increases the 
angular momentum, the deformation of the nucleus due to angular momen-
tum effect may also be quite substantial. In calculations, the deformation 
effects may be included by using an angular momentum dependent moment of 
inertia, which results into the deviation of yrast line from that calculated as-
suming the nucleus to be a rigid sphere. The level density parameter a/ at the 
saddle point which is obtained from the relation a/ = A/DAF, where, A is the 
mass number of the compound nucleus and DAF is a parameter whose default 
value is 8 is also found to influence the calculated EFs considerably. As such 
the influence of variation of DAF from 8 to 11 on calculated EFs for reactions 
in ^^C +^'^ Te system has also been studied. The resulting excitation func-
tions using these values of parameters DAF{= 8 — 11), K=14 and ^51=0.85 are 
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Figs.5.2.6 Experimentally measured and theoretically calculated 
EFs using code CASCADE. Effect of variation of parameter 
F„ on calculated EFs is also shown. 
shown in Figs 5.2.7 (a-e). As can be seen from these figures, the parameter 
DAP has a considerable influence on calculated EFs in higher energy region. 
Further, a value of DAF = 11 and F(j=0.85, gives a satisfactorily agreement 
with experimental data even in high energy region. As can be seen from these 
figures that the EFs for all reactions are qualitatively in good agreement with 
theoretical calculations done using code CASCADE in the peak region. The 
higher values of experimental cross-sections in the tail portion of EF for the 
reaction ^'^^TeC^C,3ny^'^"'Ce (Fig. 5.2.7 a) as compared to the theoreti-
cal calculations may be attributed to the PEi-emission which is dominant 
mode of reaction at higher energies and has not been considered in the CAS-
CADE calculations. For reactions ^^^Tbi^^OAny^^Ta, ^^^Tb{^^0,p3ny''^Hf 
(Figs.5.2.2 b and d) and ^^^Tm{^^0,Any^^Ir (Figs.5.2.4 b), as can be seen 
from these figures, the calculated EFs in general do not match the mea-
sured EFs, they reproduce only the trend of EFs[8]. It may be mainly due 
to the fact that the measured cross-sections are relative as only the rela-
ti\'o intensities of 7-rays from the residues produced in these reactions axe 
available. The cases of reactions ^^^Tb{^^0,ay'^^Hf, ^^^Tbi^^O^anf^Hf, 
'^^TbC^0,a2ny^^Hf, ^^^Tm{^^0,af^^Re and ^^^Tmi^^O^a^nf'^Re need 
special mention. In these cases, the theoretically calculated EFs do not 
match with the experimentally measiured values [Figs 5.2.3 (b-d) and Figs 
5.2.5 (a and d)]. The theoretically calculations are lower by several orders 
of magnitude as compared to the experimentally measured EFs. This may 
be attributed to the fact that these channels may be populated not only 
by the CF of ^^0 but also may have significant contributions from ICF (if 
^^O breaks up into a, ^Be and ^^ C fragments). Further, for the reactions 
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Figs.5.2.7 Experimentally measured and theoretically calculated 
EFs using code CASCADE. Effect of variation of 
parameter D^^ on calculated EFs is also shown. 
159^6(16(9,2a2n)i65rm, '^^TmC^0,2apn)"^Hf and '^^TmC^0,3any'^Lu, 
the calculated values of EFs using code CASCADE are negligibly small (less 
than 0.01 mb) and could not be shown in the figures. Since, the ICF has 
not been considered in CASCADE calculations, it may be concluded that 
the major contribution to these reaction channels comes from the incomplete 
fusion. 
5.3 Analysis with Code PACE2 
The code PACE2[3] is based on statistical approach. In this code the 
deexcitation of the CN is followed by Monte Carlo procedure. The an-
gular momentum projections are calculated at each stage of deexcitation 
which enables the determination of the angular distribution of the emitted 
particles. In this code the level density parameter is one of the important 
parameters which may be varied to match the experimental data. The ef-
fect of variation in level density parameter constant K={8.0 and 10) on 
calculated EFs for the reactions ^^Tei^^CSnY^^'^Ce, ^^Te{^^C,5ny^^Ce, 
^28re(i2C,p4n)i35La, ^^^Tei^^CaSnY^^'^Ba is shown in Figs 5.3.1 (a-d), 
while for the reactions ^^^Tbi^^O, Sny^^Ta, ^^^TbC^O, Any^^Ta, 
'^^TbC^0,5ny"^Ta, '^^TbC^0,p3ny''Lu, '^^TbC^0,p4ny''<'Lu, 
'^^Tb{'^0,ay'Hf, ''^Tb{'^0,any°Hf, ^'>^Tb{'^0,a2nf^^Hf 
and ^^^Tb{^^0,2a2ny^^Tm is shown in Figs 5.3.2 (a-d)-5.3.4, respectively. 
As can be observed from these figiires that a value of ^"=8.0 satisfactorily 
reproduce the measured EFs in general for all rea<;tions in ^^C -i-i^ s j^g ^^^^ 
WQ ^ 159 j , ^ systems. 
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Figs.5.3.1 Experimentally measured and theoretically calculated 
EFs using code PACE2. Effect of variation of parameter 
K on calculated EFs is also shown. 
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Figs.5.3.3 Experimentally measured and theoretically calculated 
EFs using code PACE2. Effect of variation of parameter 
K on calculated EFs is also shown. 
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Fig.5.3.4 Experimentally measured and theoretically calculated 
EFs using code PACE2. 
However, a value oi K = 16 is found to satisfactorily reproduce the 
measiured EFs for ^^O +^^^ Tm system. The effect of variation of K for 
the reactions ^^^Tmi^^OMf^'^Ir, ^^^Tm{^^OAnf^^lT, ^^^Tm{0,p2nf^'^0s 
and ^^^Tm{}^0,pZnY^^Os are shown in Figs 5.3.5 (a-d). Once again, as 
may be observed in Figs. 5.3.6 (a and b) the measured EFs are higher 
than the theoretical predictions. In case of reactions ^^^Tm(}^0,2apn)^^^Hf 
and ^^^Tm{^^0,3a)^^^Lw, the theoretical predictions are negUgible and hence 
not shown in figinres, while the measured cross-sections are comparatively 
largers. This enhancement of the measured cross-sections by several orders 
of magnitude than their theoretical predictions may be associated with the 
ICF process. 
5.4 Recoil range distributions 
In the previous section, enhancement of EFs by several orders of magni-
tude have been observed as compared to theoretical calculations in the re-
actions i«9Tm(i60,a)i8i/2e, ^^^TmQ^0,a3ny''^Re, ^^^Tm(^^0,2ajmy''^Hf, 
^^^TmC^O, Sany^Lu and ^^^Tm.C^O, 3a2ny''^Lu, which may have substan-
tial contributions of incomplete fusion. 
In order to separate out the relative contribution of complete and incom-
plete fusion, the recoil range distributions (FlRDs) of the residues produced 
in the interaction of ^^O with ^^^Tm have been measiured at 86.6 MeV. Dif-
ferential recoil range distributions (as detailed in Chapter II) for various 
evaporation residues are shown in Figs.5.4.1 (a-h). Solid lines guide the eye 
to the experimental data. As can be seen from these figures, the recoil range 
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Fig. 5.4.1 Experimentally measured recoil range distributions for the 
residues produced in ^^0+^^^Tm at 86.6 MeV 
distributions for ^^^/r and ^^ -^^ ^^ Os isotopes produced via i.e., (^^0,3n), 
{^^0,p3n) and (^^0,p2n) channels respectively, have a peak at only one value 
of cumulative catcher thickness (« 350 ng/cm?). The RRD of Ir and Os 
isotopes are nearly Gaussian having peaks at a depth nearly corresponding 
to the expected recoil range of the ^^^Ir nucleus in Aluminium, calculated 
using the classical approach and the stopping power tables of NorthclifFe and 
Schilling[15], meaning thereby that these products are formed by complete 
fusion process only, followed by the evaporation of n and/or p. However, for 
^^^Tm{^^0,2p2ny^^Re reaction, the RRD has two peaks one at a relatively 
lower value of cumulative catcher thickness(w 250iJ,g/cm'^ and the other at (« 
350 fig/cm^) respectively. In Fig.5.4.1(d), the maxima at larger value of cu-
mulative thickness (:=! 35Qfj,g/cm?) corresponds to the fraction of the residue 
produced through complete fusion, while the peak at relatively shorter range 
of cumulative catcher thickness (« 250 ng/cm^) may be attributed to the 
fact that the residue ^^^Re is produced via incomplete fusion also. It may be 
pointed out that the expected data points for the peak positions of RRD (at 
« 250 fj,g/cm^ and « 350 fxg/cm^) for the residue ^"^^Re [Fig.5.4.1(e)] pro-
duced via {^^O, San) reaction could not be obtained due to the short half-life 
(13.3 m) of the residue. 
As expected, the observed recoil range distributions for the ^^^Hf isotopes 
produced via ^^^Tm{^^0,2apn) reaction [Fig. 5.4.1 (f)], have three peaJcs at 
cumulative thicknesses !^370fxg/cm^, w260/x5'/cm^ and wlSO^p/cm^ corre-
sponding to the residue ^^^Hf produced via three different channels i.e., 
1. Complete Fusion of ^^O with ^^^Tm, forming the composite nucleus 
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^^Ir, followed by the emission of a proton, a neutron and two a-particles. 
2. Incomplete Fusion of ^^O, if it is assumed that ^^O breaks up into ^^C 
and an a-particle and fragment ^^C fuses with ^^^Tm, forming the composite 
nucleus ^^^Re, followed by the emission of a proton, a neutron and an a-
particles. 
3. Incomplete Fusion of ^^O, assuming that ^^O breaks up into two ^Be 
fragments and one of these fragments fuses with ^^^Tm, forming the compos-
ite nucleus ^^^Ta, followed by the emission of a proton, a neutron. 
For the reactions ^^^Tm{^^0,3any'^^Lu and ^^^TmC^O,3a2ny'^^Lu, the 
measured RRDs show two peaks at relatively lower value of cumulative 
catcher thicknesses, Ri75/ip/cm^ and wlSO fxg/cm^. This indicates that these 
products are not only populated by the complete fusion process but by some 
other process in which the hnear momentum transfer is less than that for 
complete fusion process. This is possible when only a part of projectile fuses 
with the target (incomplete fusion) and rest of it goes with a velocity nearly 
equal to the velocity of the projectile. As such in these reactions the contri-
bution of complete fusion is negligible. 
In order to separate out the quantitative relative contributions of com-
plete and incomplete fusion in ^^^Tm(^^0,2p2n)^^^Re reaction, the experi-
mentally measured RRDs has been fitted with Gaussian peaks as shown in 
Fig 5.4.2 and the area under the two peaks has been computed. The relative 
contributions of the two processes are obtained by dividing the area of the 
corresponding peak by the total area. The incomplete fusion contribution in 
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Fig. 5.4.2 Gaussian fit to the recoil range distribution 
this case is found to be 65% with an uncertainty of 5%. 
Similarly, for the reaction ^^^Tm{^^0,2apny^^Hf, the experimentally mea-
sured RKDs has been fitted with three Gaussian peaks at cumulative thick-
nesses w IbOfig/cm"^, « 250/x^/cTn^ and w SlOfig/cni? as shown in Fig 5.4.3. 
The area under each peak has been computed and divided by the total area 
to get the relative contributions for the process of interest. The relative con-
tributions of CF, ICF for the fusion of fragment ^^C and ICF contribution 
corresponding to the fusion of ^Be are found to be «25%, w29% and w46%, 
respectively, for this channel. 
In case of reactions ^^^Tmi^^O^Sany^Lu and ^^^Tm{^^0,3a2ny''^Lu, 
shown in Figs. 5.4.1 (g and h), the RRD have only two peaks at relatively 
lower values of ranges which may be attributed to ICF processes. The relative 
contributions of ICF (as indicated in Figs. 5.4.4 and 5.4.5) of a-particle and 
^Be have been found to be w20% and «80% for the residue ^^"^Lu while ^ 
74% and Ri26%, respectively for residue ^^^Lu. 
In light of the above it may be concluded that the ICF plays an important 
role in the heavy-ion reactions. More detailed studies, may, however, be done 
by measuring the angular distribution of projectile fragments. 
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With a view to study complete (CF) and incomplete fusion (ICF) of •^^ C with ^^^Ho 
below 7 MeV/nucleon, the recoil range distribution of various evaporation residues 
formed in the interaction of •^^ C with ^®^Ho have been measured. In the case of (C, in ) 
(x = 3,4,5) channels recoil range distributions show only one peak. Two distinct peaks, 
one having a lower mean value for range and another having a higher mean range (nearly 
the same as that for (C, i n ) channel) are observed in some cases. The two peaks in the 
recoil range distributions may be assigned, respectively, to the incomplete and completely 
fused systems. 
PACS Number(s): 25.70Gh 
1. Introduction 
The multiplicity of processes like complete fusion, incomplete fusion, direct transfer, 
etc., has made the study of the heavy ion reaction of considerable interest to nuclear 
physicists. The change in the mode of evolution of the heavy ion reax:tion with the 
variation in the incident beam energy, with entrance channel anguleir momentum, 
etc. are some of the topics of current interest. 
There are various ways of classifying the different processes involved in hea\y 
ion reactions. One of them is based on the degree of linear momentum transfer 
* Corresponding author. 
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from the projectile to the composite system. In case of complete fusion, the entire 
linear momentum is transferred, while in case of incomplete fusion, only a part of 
the projectile fuses with the target (and the rest behaves as a spectator) leading 
to the fractional transfer of the incident momentum. The fraction of the momenta 
transferred in such cases depends on the mass of the fused fragment. Yet another 
process involves single nucleon/cluster transfer in a grazing collision. This process 
of direct reaction involves relatively less momentum transfer. Recoil velocities of 
the heavy residues, and hence their recoil ranges in a stopping medium can be used 
to determine the momentum transfer for individuail channels. When the project Ue 
fuses completely with the target, the composite system carries the entire linear 
momentum and hence travels a larger distance, while in the case when only a part 
of the projectile fuses with the target, the composite system travels a relatively 
smaller distance in the stopping medium and at an angle with resf)ect to the in-
cident direction. Previous studies^*'^  show that incomplete fusion starts competing 
with complete fusion at energies above the Coulomb barrier. Several models like the 
break up fusion model, sum rule model, promptly emitted particles, exciton model, 
hot sfKjt, etc., have been proposed to explain the incomplete fusion process.^"^ Be-
cause of the large angulair momentum involved in the case of heavy ion reactions, a 
proper understanding of entrance channel partial waves is important in the study 
of incomplete fusion. In heavy ion reactions involving higher angular momentum, 
the compK)und nucleus formation is hindered due to the rapid rotation of the com-
I>osite system which caimot exist as such and hence only a part of the projectile 
can fuse with the target. In terms of the partial waves, only a few lower partial 
waves contribute to complete fusion at higher angular momenta. The higher order 
partial waves contribute to incomplete fusion thereby reducing the complete fusion 
cross section. 
Although particle-gamma coincidence studies^ and time of flight measurements 
of evap>oration residues* contribute a lot to the understanding of the mechanism of 
incomplete fusion processes, in a simple experiment, the individuzd contributions 
of complete and incomplete fusion can be separated by studying the recoil range 
distributions of various evaporation residues. In the recent past, such experiments 
have been carried out with medium mass nuclei targets®" ^ ^ with projectile ener-
gies as low as 7 MeV/nucleon. The calculations of angular momenta of fragments 
formed by incomplete fusion indicates the peripheral nature of collisions leading to 
incomplete fusion. ^ ^ 
In this paper, the results of an experiment p)erformed recently, at the Nuclear 
Science Center, New Delhi, India, are presented with a view to measuring the 
recoil range distributions of a number of evaporation residues formed in the inter-
action of ^^C with ^^^Ho below 7 MeV/nucleon. This is an extension of oiu- earlier 
experiments^ where the excitation functions for evaporation residues formed in the 
12(-; ^ 165{JQ sys tem were measiired below 7 MeV/nucleon. In this experiment, en-
hancement of experimentally measured cross-sections was observed in compzorison 
to the theoretically calculated excitation functions for (C, axn) {x = 2,4,6) and 
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(C, 2axn} (x = 2,4) emission products, indicating contributions from complete and 
incomplete fusion charmels. It may be pointed out that the residues formed through 
the above mentioned channels may be produced by complete fusion as well as in-
complete fusion processes. Thus, in order to separate the contribution of complete 
and incomplete fiision in the individual channels, in the present experiment, the re-
coil range distributions have been measured at two different incident lab energies, 
71 and 80 MeV. 
2. Experimental Details and Formulat ion 
The experiment was carried out using the 15 UD Pelletron accelerator faciUty at 
the Nuclear Science Center, New Delhi, India. Aluminium-backed thin targets of 
Holmium (purity > 99.9%) were prepared by the vacuum evap>oration technique. 
The thickness of Ho depMJsition on the Aluminium backing was ~ 200 fig/cm^. Thin 
aluminium catchers of different thicknesses were prepared by vacuum evaporation 
of Aluminium on glass slides and then floating the film on water. A stack of 13 
catchers mounted on holders with concentric holes of diameter ~ 1.2 cm was used 
downstream of each target to trap the recoil products. A typical target catcher 
arrangement is shown in Fig. 1, where the recoiling nuclides are trapi)ed in the 
stack of Aluminium catcher foils. The catcher thicknesses used in the exp>eriment 
are given in Table 1. 
The thickness of catchers and targets were measured individually prior to their 
use by the a transmission method, where the thickness is measured by determin-
ing the energy loss suffered by 5.486 MeV a particles from an •^*^ Am source while 
traversing through them. Stopp'mg power tables of Northcliffe and Schilling^* were 
used to determine the sample and catcher thicknesses from the energy loss mea-
surements. The targets with Aluminium backing facing the beam were irradiated 
with a ^^C beam in the GPSC (General Pinpose Scattering Chzimber) for a dura-
tion of about 24 hours each. The incident beam energies for the two irradiations 
were chosen in such a way that the beam hitting the Ho material had the desired 
Carbon 
beam 
Stack of Al-catchef foils 
Ho 
Al 
Fig. 1. A typical target catcher arrangement used for measuring recoil range distributions. 
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Table 1. The thicknesses of catcher foils used for 
80 MeV and 71 Mev stacks. 
S. No 
1. 
2. 
3. 
4. 
5-
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
Thickness in fig/cm^ 
at energy 80 MeV 
50.92 
84.50 
83.51 
103.40 
88.22 
83.92 
79.10 
101.70 
103.50 
107.71 
98.00 
98.47 
92.44 
Thickness in /xg/cm^ 
at energy 71 MeV 
111.03 
94.89 
96.73 
96.89 
108.64 
94.48 
91.99 
93.02 
99.77 
109.41 
110.56 
110.73 
113.64 
energy of 71 and 80 MeV, respectively. A beam current of ~ 38 nA behind the target 
catcher assembly was measured with an electron suppressed Faraday cup. The total 
beam fluence for each irradiation was also measured by a scalar integrator and was 
~ 3500 (iC. After the irradiation, the activities in each catcher foil were followed 
one by one off-line, for five days using a high resolution HPGe detector of 100 cm^ 
active volume of CANBERRA, coupled to CAMAC-based software, FREEDOM. 
The detector was pre-calibrated using a ^^^Eu source of known strength. The 7 ray 
spectra were recorded using the ONLINE option of the FREEDOM software. The 
residues were identified by their characteristic 7 radiations and haJf lives. The ex-
perimental cross-sections corresponding to the various radioactive residues in each 
catcher were computed by using the intensities of these 7 rays in individual catchers. 
The half lives of the residucil nuclei, characteristic 7 ray energies, abimdance, etc.. 
are well established and are taken from the Table of Isotop>es.*^ The cross-sections 
for a particular residue in each catcher were obtained using 
(p;) ^ AXexp{Xt2) 
"^ ^ KsNo<t>e{Ge)[l-exp{-Xti)\[l-exp{-Xt3)] ' ^ ' 
where, A is the observed counting rate of the induced activity of decay constant A, 
No the number of target nuclei irradiated for time ti with a particle beam of flux 
<f>, t2 the time lapse between the end of irradiation and the start of counting, f 3 the 
data accimiulation time, 0 the branching ratio of the characteristic 7 ray and Gc 
the geometry dependent efl&ciency of the detector. The factor [1 - exp(-Aii)] takes 
care of the decay of evaF>oration residue during the irradiation aiid is known as the 
saturation correction. The correction for the decay of the induced activity due to the 
delay between the end of irradiation and the start of counting and during the data 
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accumulation is taJcen into account via the factors exp(Ai2) and [1 — exp(—Aia)], 
respectively. Kg is the correction for self absorption of radiation in the sample and 
is given by ([1 — exp{—fJLd)]/fid\, where fi is the 7 ray absorption coefiicient for a 
given energy in the material of the sample and d is the thickness of the sample. 
To obtain the recoil range distributions, the measured cross section of each 
evaporation residue in an individual catcher was divided by the resp>ective thickness 
of that catcher and plotted against the cumulative catcher thickness. The recoil 
range distributions were normailized using the cross section values measured by 
earlier experiment. ^ ^ 
3. Results and Discussion 
Differential recoil range distributions for various evaporation residues formed in 
the interaction of ^^C with ®^^ Ho at 71 and 80 MeV mcident energy are shown in 
Figs. 2(a)-(i) and 3(a)-(i), respectively. The size of the squares include the errors 
in the experimental data. A detailed discussion about the various factors due to 
which errors may arise is given in one of our earUer pubUcations.^^ Dotted lines 
guide the eye to the experimental data. As can. be seen from the figures, at a 
given value of incident energy, the recoil range distributions for Ta and Hf isotopes 
(i.e. {C, xn) and (C, pxn) {x being an integer) channels, resp)ectively) have a peak 
at only one value of cmnulative catcher thickness. However, for most of the Lu and 
Tm isotopes (i.e. (C, axn) and (C, 2axn) channels, respectively) either two peaks 
or only one peak at a relatively lower value of cumulative catcher thickness have 
been observed. The Recoil range distributions for the Ta and Hf isotoi>es are nearly 
Gaussian, peaked at a depth nearly corresponding to the expected recoil range of the 
^^^Ta nucleus (~ 400-500 ng/cvc?), calculated using the classical approach and the 
stoppmg power tables of Northcliffe and Schilling, meamng thereby that these prod-
ucts are formed by the complete fusion process only, followed by the evaf>oration 
of n and/or p. The recoil range distributions for (C, axn) {x = 2,4,6) evapjoration 
residues peak at two values of cumulative catcher thickness, one corresponding to 
the complete fusion (~ 400-500 /xg/cm^) and the other at a lower value of range 
(~ 200-300 fig/cm^). This indicates that these products are populated not onJy 
by the complete fusion process, but also by some other process in which the linear 
momentum transfer is less than that for complete fusion process. This is possible 
when only a pait of the projectile fuses with the target (incomplete fusion) and the 
rest of it goes with a velocity nearly equal to the velocity of the projectile. The two 
I>eaks in the range distributions indicate that the products are also peirtly formed 
by incomplete fusion. In some of the cases correspKinding to (C, 2axn) (x = 2,4) 
channels there is only one peak at a value of the mean range which is considerably 
lower thain the value expected for complete fusion. In these cases, the residues are 
probably only formed by the process of incomplete fusion. 
As a representative case, in order to separate the relative contributions of com-
plete and incomplete fusion in the (C, a4n) channel at 80 MeV, the two peaks in 
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Fig. 4. (a) Gaussian fit to the recoil range distribution data for reaction (C, a4n) at 80 MeV. 
(b) Gatissian fit to the recoil range distribution data for reaction (C, a4n) at 71 MeV. 
the recoil raxige distributions were fitted with a Gaussian distribution (Fig. 4(a)) 
and their areas were computed. The relative contribution of the two processes are 
obtained by dividing the aiea. of the corresponding peak by the total area. The 
incomplete fusion contribution in this case is found to be 72% with an uncertainty 
of 5%. The total contribution of incomplete fusion, which is the cumulative sum of 
ICFs for various channels observed in the present experiment is found to be ~ 17% 
with an uncertainty of 5% at these energies. However, for the same reaction at 
71 MeV the recoil range distribution shows only one p>eak which may be fitted with 
a Gaussian distribution as shown in Fig. 4(b). This may indicate that at 71 MeV 
the reaction is by complete fusion only. 
4. Conclusions 
Recoil range distributions for nine different evap)oration residues formed in the 
reaction ^^ C + ^^Ho have been measured at energies below 7 MeV/nucleon. Single 
and/or double peaks in the recoil range distributions have been observed. These 
peaks may be assigned to the complete and incomplete fusion of "^^ C. The relative 
contributions of incomplete and complete fusion channels have "been separated and 
it has been found that incomplete fusion contribution is ~ 17% with ajx uncertainty 
of 5% at these energies. 
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Decay of '^ ^r^ Composite Nucleus: Comparison of Excitation Functions for the Reaction Residues 
Occurring in ^^ C + ^^^Ho and "^A^  + ^^^Dy Reactions 
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The experiment has been performed with a view to studying complete and incomplete fusion in 
^*N + '*'D,. system below 7 MeV/nucleon. The excitation functions for several reactions have been 
measured using the activation technique and compared with the theoretical predictions based on 
statistical models. The codes ALICE-91 and CASCADE used earlier for the analysis of excitation 
functions in case of '^ C + '"//„ system have been used here also with the same set of input parameters. 
It has been observed that the theoretical calculations do not match with the experimental excitation 
functions well but the overall shape of the excitation function is reproduced satisfactorily. The composite 
nucleus ('"To) formed in this ('*Af + '"£)^) case is the same as the one formed in '^ C + '^ ^Ho system 
studied earlier. Measured excitation functions for the same decay channels in the two cases (i.e. 
\iQ ^ '*'//„ and '•'A^  + '^'D,) have been compared. A comparison of these excitation functions indicates 
relatively smaller values of cross sections for all reactions in '''A^ + '"D,., in general. Moreover, it has 
been found that in contrast to the '^ C induced reactions, where a substantial part of the reaction cross 
section goes through incomplete fusion, there is no contribution from incomplete fusion to the reaction 
cross section in the case of ^*N induced reactions at these energies. This may indicate that '^ C undergoes 
breakup into *W, and *B, while ^*N does not undergo breakup below 7 MeV/nucleon. 
KEYWORDS: heavy ions, excitation functions, compound nucleus, composite system, activation 
DOI: 10.1143/JPSJ.71.2434 
1. Introduction 
In the heavy ion induced reactions, the study of breakup of 
heavy ions followed by the fusion of one of the fragments 
with the target has been of great interest. Even at energies 
slightly above the Coulomb barrier, incomplete fusion starts 
competing with complete fusion.'" Recent studies report 
breakup of '^C and '^O into *Hr and "fl, fragments and their 
incomplete fusion with the target.^ "^^ 
Ghoshal" in his experiments showed that same compound 
nucleus formed by proton and a as projectiles decay 
similarly, thus indicating the validity of the Bohr compound 
nucleus assumption. In the last four decades, some 
experiments that are extension of Ghoshal's experiment 
have been done to compare proton induced reactions with 
heavy ion induced reactions leading to the same composite 
system.*''* In the case of proton and heavy ion induced 
reactions, it has been found that, if one plots the cross 
sections for a particular channel populated via two different 
entrance channels as a function of excitation energy, there is 
a difference because of the different Coulomb barriers in the 
two rases. Similar experiments have been done with two 
heavy ions, '^C and '^(9,^' where the complete and 
incomplete fusion of '^C and '*0 in medium mass nuclei 
have been studied by recoil range measurements of reaction 
residues. The present experiment has been done with a view 
to studying breakup of '''A' in reactions below 7MeV/ 
nucleon and to comparing the excitation functions for '^C 
and ^*N induced reactions leading to the same composite 
'Present address; Department of Physics, Agra College, Agra, UP., India, 
E-mail: sunita_gupta@mailcity com 
system (in the present case '^'Ta). Activation technique has 
been used to measure excitation functions for the production 
of various isotopes in the interaction of '^ A' with '*^D^. The 
results of the experiment performed with the '^C + '*^//o 
system have been presented in ref. 1. In the present paper, 
the results of the experiment performed with the '^ A' + '*^ Dy 
system are presented. The presently measured excitation 
functions have been compared with theoretical calculations 
based on statistical model codes, ALICE-91 and CASCADE. 
The code ALICE-91 takes into account pre-equilibrium 
emission together with compound nucleus calculations. To 
look for pre-equilibrium emission, if any, in the case of 
^*N + ^^^Dy reaction products, theoretical calculations have 
been done using the code ALICE-91. It may be noted that 
the code ALICE-91 is based on Weisskopf-Ewing model 
which does not take into account the angular momentum 
involved in the heavy ion induced reactions. On the other 
hand, the code CASCADE is based on the Hauser-Feshbach 
theory which takes into account the angular momentum 
effects. Thus, in order to look for pre-equilibrium emission, 
if any, and also to see the effect of angular momentum, 
calculations using two different codes have been performed. 
Further, the excitation functions for same reaction residues 
populated in the two reactions have been compared. 
2. Formalism and Experimental Details 
Reaction cross sections for several reactions induced by 
'••A/ ions on '^ ^D^ have been measured using activation 
technique. The experiment has been carried out at the 
Nuclear Science Center (NSC), New Delhi, India, using the 
Pelletron accelerator facility. The '*^Dj, samples were 
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prepared by vacuum evaporation of enriched Dysprosium on 
Aluminium backing. Composite thicicness of '^ A/ + ^"Dy 
was measured by a-transmission method. The thickness of 
the Aluminium backing was separately measured before 
Dysprosium deposition, by the same method and was 
~0.3mg/cm^. Assuming the backing to be uniform, its 
thickness was subtracted from the composite thickness of 
"A/ + '*'£)y to get the thickness of ^^^Dy sample. The 
calibrated ^*^A„ a-source was used for these measurements. 
The thickness of '^^Dy material was ~0.5mg/cm^. As a 
check, the target thicknesses were also measured with the 
quartz thickness monitor and they were found to agree with 
each other within 5%. The Aluminium catcher foils of 
thicknesses 6.75 mg/cm^ kept just behind the target were 
used to collect the residues recoiling out of the target. 
The '*'Dj, samples were irradiated with '*N beam at 
energies 65, 70, 75 and 84MeV of beam currents =56 to 
18nA and of charge state 5"''/6''". Each irradiation was 
performed for about 3 hours duration in the General Purpose 
Scattering Chamber (GPSC) having invacuum transfer 
facility. The beam flux was monitored by the charge 
collected in the Faraday cup using an ORTEC current 
integrator device. 
Pre-calibrated high-resolution (2keV for 1.33 MeV y ray 
of ^Co) HPGe detector of 100 cm^ active volume coupled to 
the ORTEC's PC-based multichannel analyzer was used to 
follow the activities induced in the irradiated samples off 
line. The detector was calibrated using the standard '^ ^£u 
point source of known strength which emits y rays over a 
wide range of energy (121 keV to 1408 keV). Following 
formula was used for computing the geometry dependent 
efficiency (Gc) of the detector at a particular energy 
(1) G . = N^e^->-'>e' 
where No is the disintegration rate of the standard y source at 
the time of measurement, Nao is the disintegration rate at the 
time of manufacture. A, is the decay constant, t is the time 
lapse between the manufacture of the som-ce and the start of 
counting, 6 is the branching ratio of the characteristic y ray. 
After the irradiation, the activities induced in the samples 
were followed off-line. The y ray spectra were recorded for 
3 days at increasing times. Typical y ray spectra for '^C -I-
'*5W„ system at 71 MeV and '*W-j-'"Dy at 70 MeV are 
shown in Figs. 1 and 2, respectively. Notice that the channel 
number vs. energy calibration is different for '^C -I- "^//o 
-V>—"- ^f-tf '—/> w/ ' 
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CHANNEL NUMBER 
laoo 2(00 27SO 2800 
Fig. 1. Typical y ray spectnim observed from " ' / /„ irradiated with 
71 MeV '^C beam. The energies of the identified peaks are given in keV. 
10' 
iio^ 
o 
10 
~ 
^^ 
_ 
- 1 _ 
c^ 
so 
OO 
m 
o 
OO 
m oi<n 
•- O -: 
0 0 
m 
/ I S - — " ' fM 
1 1 
u> 
<J» 
• ^ / - w _ 
—|r/ 
O 
—/^yv~ 
- w > — 
100 150 200 2S0 750 noo 
CHANNEL NUMBER 
Fig. 2. Typical y ray spectrum observed from ' " D , irradiated with 
70 McV ^*N beam. The energies of the identified peaks are given in keV. 
and '•'N + '^ -^ D,. systems. As can be seen directly from the 
two spectra, the peaks corresponding to incomplete fusion 
channels, e.g., 739.83 keV of '•"L„, 191.21 keV of '* 'L„, 
239.14keV of '*''L„, 207.79keV of ^^''T„ and 218.79keV of 
'^'r^ are observed in '^C-h '*'//„ spectrum, while they are 
absent in ^*N + '*'£>y spectrum. The residues were identified 
by their characteristic y radiations and half-lives. In some 
cases, where the gamma rays of residual nuclei have 
energies close to each other {e.g. ^^^Ta', ri/2 = 118h, 
£v = 206.38 keV and 167i Ti/2 = 9.24d, 
207.79 keV), their individual contributions were separated 
from the analysis of decay curves on the basis of their half-
lives. In the above example, no contribution from ^^^T„ has 
been observed. Because of the low/interfering activities 
induced in the sample, counts recorded by the MCA were 
plotted explicitly as a function of channel number using the 
program ORIGIN and the area under different peaks were 
determined by Gaussian fitting. In the present measurements, 
the count rates determined from that area have been used to 
calculate the experimental cross sections corresponding to 
the various radioactive residues. The half-lives of the 
residual nuclei, characteristic y ray energies, abundance 
etc., are taken from the Table of Radioactive Isotopes*' and 
are given in Table I. 
At a given beam energy (E) in the lab frame, the 
experimental reaction cross sections crr(£) for different 
reaction residues have been calculated using the following 
formula: 
AXcxp(Xt2) 
Or(E)^ 
KsNomGc)[\ - exp(-X/,)][l - exp(-X/3)]' (2) 
Table I. Radioactive properties of reaction residues with their prominent 
y rays identified in the experiment. 
Isotope 
nTl^' 
nT^' 
nT^^ 
7 2 / / ; " 
Half-life 
1.18h 
3.65h 
36.8m 
23.6h 
r 
3+ 
5/2-
(3+) 
1/2-
Ey (keV) 
206.38 
172.19 
213.96 
1109.23 
123.67 
Abundance (%) 
57.70 
17.00 
52.00 
14.00 
83.00 
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where A is the observed counting rate of the induced activity 
of decay constant k. No the number of target nuclei 
irradiated for time ti with a particle beam of flux (f>, ti the 
time lapse between the stop of irradiation and the start of 
counting, (3 the data accumulation time, 9 the branching 
ratio of the characteristic y ray and Gj the geometry 
dependent efficiency of the detector. The factor 
[1 - exp(-Xti)] takes care of the decay of evaporation 
residue during the irradiation and is typically known as the 
saturation correction. The correction for the decay of the 
induced activity due to the delay between the stop of 
irradiation and the start of counting and during the data 
accumulation is taken into account via the factors exp{A/2) 
and [1 - exp(-Xt3)], respectively. K, is the correction for 
self absorption of radiation in the sample and is given by 
[[I-exp(-Aui)/]/i.//], where, /x is the y ray absorption 
coefficient for the material of the sample and d is the 
thickness of the sample. Further details of the experimental 
technique etc. are discussed in ref. 1. 
3. Results and Discussion 
In the present experiment, excitation functions for the 
reactions '«D^(A ,^ 3„)"*7;, '^^Dy{NA„)''^Ta, '''^Dy{N, 
5„)'^ ^To and '*^Dy(N,p3„)'"H/ have been measured using 
the activation technique. The measured cross sections for 
these reactions are tabulated in Table II. Errors in the 
measured cross sections arise mostly from the detector 
efficiency, solid angle effect, target thickness, counting 
statistics and intensity measurements, and have been 
discussed in details in ref. 1. Due to thin target samples 
and lower beam intensities, the induced activities and hence 
the observed count rates were quite small and therefore 
subjected to somewhat larger errors. 
Complete fusion of '"iV with '^ ^D,, followed by the 
emission of one or more neutrons lead to the production of 
Ta isotopes, while the emission of a proton and one or more 
neutrons lead to the production of Hf isotopes. TTie p* decay 
or electron capture (EC) of higher charge precursor Ta isobar 
may also produce Hf isotopes. In the case of evaluating the 
cross section for {N,p3„) channel no precursor contribution 
has been subtracted since the counting was done for 
relatively small duration. 
Theoretical calculations have been done with codes 
ALICE-9l'^ and CASCADE.'"' The code ALICE-9I 
employs Weisskopf-Ewing model"' for compound nucleus 
calculations and Hybrid model'^' for pre-equilibrium 
calculations. The code assumes equipartition of energy 
among the initial excited particles and holes. Out of the 
many input parameters in the code, initial exciton number 
Table U. Experimentally measured cross sections for various reaction 
residues produced in the reaction ^*N + '^^Dy at different incident lab 
energies. 
Eiab 
(MeV) 
65.0 ± 0.3 
70.0 ± 0.5 
75.0 ±0.1 
84.0 ± 0.3 
(mb) 
— 
0.9 ± 0.2 
2.3 ±1.0 
— 
(mb) 
3.0 ± 0.8 
8.1 ±1.8 
74.8 ±15.5 
30.5 ±6.7 
(mb) 
— 
40.2 ± 13.0 
415.8 ±78.2 
156.7 ±31.7 
<T("'H/) 
(mb) 
5.0± I.l 
11.2±1.7 
41.0±7.8 
27.2 ±8.1 
n,„ mean free path multiplier COST and level density 
parameter a (= A/K, where A is the atomic mass of the 
compound system) are quite important. The parameter n„ 
and COST largely govern pre-equilibrium contribution, 
while the parameter a governs mainly the equilibrium 
component. The initial exciton number n„ decides the 
complexity of the initial configuration and a higher value of 
n„ is likely to reduce the contribution of pre-equilibrium 
emission, if any. In the case of '^C+'^^Wo system, 
assuming that at these incident energies, the incident '^C 
ion breaks up in the field of the nucleus and the nucleons 
occupy excited states above the Fermi energy, n<, = 12 was 
taken and the agreement of the theoretical predictions with 
the experimentally measured excitation functions was found 
to be satisfactory. On the same reasoning, rig ~ 14 has been 
taken for '^ A' -f- ^"Dy system, but surprisingly, in the later 
case, the agreement is not satisfactory. In the present 
calculations n„ has been taken as 14 (n„ = 7, rip = 7, 
rih = 0), COST = 3 and the level density parameter constant 
K has been taken as 9.5. All other parameters were kept 
same as the ones taken in case of '^C-)- '*'//,, system." 
Since heavy ion induced reactions involve large angular 
momenta, and the angular momentum effects are not 
included in Weisskopf-Ewing model calculations, the 
excitation functions have been shifted by an amount 
approximately equal to £„, ~ (m/Af)£|,b, where m/M is 
the ratio of the projectile and target masses and Eub is the 
incident energy. The reason for shifting the calculated 
excitation functions and the procedure have been discussed 
in detail elsewhere." The experimental and calculated 
excitation functions are shown in Fig. 3. 
The code CASCADE employs Hauser-Feshbach theory'^' 
for cross section calculations. Theoretical calculations have 
been performed consistently using the same set of 
parameters as in case of '^C-l- "•'//„ system. An important 
parameter in the code CASCADE is Fg, which is defined as 
the ratio of the actual moment of inertia to the rigid-body 
moment of inertia of the excited system. It has been 
observed that the calculations done with the default value of 
70 75 80 85 
Lab Energy (MeV) 
Fig. 3. Excitation functions for ^"Dy{NJ„)"*T„, '"Dy(N,A„y''^T^, 
'"Ov(A/,5„)'"7'„ and '"Dy<iN,p3„)'''^Hf reactions. Theoretical predic-
tions of the code AUCE-91 for ""T,, "'T^, ' " r« and '"/ / / , are shown 
by dot, solid, dash-dot and dash-dot-dot curves, respectively. 
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Fig. 4. Excitation functions for '"D^CW.S,)'"/-., •"D,(Af,4,)'"r., 
'"Dy(\,5„)"^r. and '"D,(N,p3n)"'H/ rcacdons. The filled circles 
represent the experimental data. The theoretical predictions of the code 
CASCADE with Fe = 0.15. Fe = 0.30 and Fo = 0.85 (default value) 
are represented by solid, dash-dot-dot and dotted lines, respectively. 
the parameter Fe (=0.85) does not reproduce the 
experimentally measured excitation fiinctions in this case 
also. The excitation functions calculated with different 
values of Fe are shown in Fig. 4. As may be seen from 
this figure, no value of the parameter F© reproduces the 
measured excitation functions over the whole range of 
energy, however, Fe = 0.30 gives a better representation of 
experimental data, in general. This anomalous value of the 
parameter Fe may be due to the fact that in case of heavy ion 
induced reactions, the angular momentum imparted to the 
composite system is large and hence it deviates considerably 
from rigid body configuration leading to such an anomalous 
value of parameter Fg. The calculated excitation functions 
for (N,p3„) channel underestimates the measured excitation 
functions. This may be due to the contribution of higher 
charge isobar precursor '^ *7"a to the measured cross section, 
which could not be separated. In theoretical calculations, 
fission channel has also been included but is found to have 
negligible effect on the calculated excitation functions. 
It may be noted that in the present measurements for 
»N- .163 Dy system incomplete fusion channels like 
(A'.axn) and (N,2aKn) have not been observed, while in 
the case of '^C + '*'//„ system enhanced cross sections for 
(C,axn) and (C,2axn) channels were observed,'' though the 
same composite system is produced in the two cases at the 
nearly same excitation energies. As such, it may be an 
indication that '^C undergoes break up into *Hf and ^Be 
while there is no break up of '^N at these energies to give 
rise to incomplete fusion. 
As has already been mentioned, the same composite 
10000f 
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Fig. 5. '^C and "N induced reaction cross sections as a function of the 
excitation energy of the compound nucleus. Solid, dash-dot, dash-dot-dot 
and dotted lines are drawn to guide the eye for the experimental data of 
3„, 4„ 5, and p3„ channels, respectively. 
Channels, viz., "'A' + '*'Dy and '^C + '" / /„ , at nearly same 
excitation energies. The measured cross sections for 
different decay channels in these two cases are compared 
in Fig. 5. Lines are drawn through the experimental points to 
guide the eyes. A comparison of these excitation fiinctions 
indicates relatively smaller values of cross sections, in 
general, for all the reactions in ^*N + ^^^Dy. Smaller cross 
section for the same exit channel in the case of '^ A' induced 
reactions is largely due to the large value of Coulomb barrier 
{Uc) for •'•A^ + '*^ Dy system (Uc «« 70 MeV) as compared to 
the '^C-f'^Ho system ([/c«51MeV). As such, the 
measurements in the case of ^*N induced reactions are 
generally below the Coulomb barrier, while in '^C induced 
reactions they are mostly above the Coulomb barrier. In 
order to illustrate this point, calculated cross sections for the 
formation of compound nucleus CTC('^C) and <TCC*N) for the 
carbon and nitrogen induced systems are plotted against the 
difference of the center of mass energy ECM to the Coulomb 
barrier Uc in Fig. 6. At minimum incident lab energies the 
calculated value of (Ecu - Uc) for '^C + '"W<, system is 
-0.4 MeV and for "''Af+'"£>, system is -10.5 MeV. 
-5 0 5 
(E^-UJMeV 
10 15 20 
system '"Ta was populated via two different entrance 
Fig. 6. Calculated cross sections for the formation of compound nucleus 
cTeC'^ O and (Tc('*N) for the carbon and nitrogen induced systems plotted 
against the difference of the center of mass energy Ecu to the Coulomb 
barrier [4. 
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Further, the maximum value of (Ecu - Uc) is approximately 
21 MeV and 6MeV respectively for '^C + '*^«„ and '^N + 
^^^Dy systems. As such, in the case of ^*N induced reactions, 
measurements are done at energies below the Coulomb 
barrier, vt'here CcO^N) is much lower and varies rapidly with 
energy. It may be noted that below the Coulomb barrier, a 
change of about 5 MeV on the energy axis changes crcC*N) 
by a factor of 100. Further, the angular momentum 
distribution involved in the two cases is also different. At 
nearly the same excitation energies, e.g., 71 MeV '^C beam 
and 70 MeV "A^ beam (excitation energy «53MeV), the 
orbital angular momentum in the incident nitrogen beam is 
higher than '^C beam by 4ft. 
4. Conclusion 
Excitation functions for the reaction residues produced in 
i4yy ^ i63£)^  reaction have been measured by using off beam 
spectrometry. These have been compared with the excitation 
functions for the same reaction residues produced in 
'^C + '*^ Wo. In the present analysis, the contributions from 
incomplete fusion channels for ^*N induced reactions have 
not been observed. It may be an indication that ^*N does not 
undergo breakup below 7 MeV/nucleon. Moreover, the 
comparison of excitation functions for the two systems 
indicates that, in general, the cross sections for '^C induced 
reactions are higher than '*N induced reactions. This may be 
due to the fact that even at nearly the same excitation 
energies, the angular momentum distribution involved in the 
two cases are different and also the Coulomb barriers for the 
two system are different. It appears that in case of heavy ion 
induced reactions, the effect of angular momentum and 
Coulomb barriers in the entrance channel becomes sig-
nificant in determining the decay modes of the composite 
system, as expected. 
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Abstract: In order to studv' complete and incomplete fusion in heavy ion induced 
reactions the experiment has been carried out for measuring excitation functions 
(EF's) for several reactions in the s\'stem '"C+'"*Te. in the energy" range 5=42-82 
MeV. using activation technique. To the best of our knowledge EFs for presently 
measured reactions are being reported for the first time. The measured EF's have 
been compared v,ith those calculated theoretically using codes CASCADE and 
ALICE-91. Effect of variation of parameters, of the codes, on calculated EF"s has 
also been studied. The analysis of the present data indicates preseiKc of 
contributions from incomplete fiision in some cases. In general, theoretical 
calculations agree well with the experimental data. 
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I. INTRODUCTION 
In the past few decades energetic heavy ion (HI) beams have been used to study 
the reaction mechani^n in complex nuclei. In case of medium energy HI reactions, one 
expects the interplay between the compound nucleus and direct reaction processes 
along with the |xe-equilibrium (PE) emission. The important experimental signatures 
of PE emission are i) the jM^ence of larger number of high energy particles as 
compared to the ^jectrum jMedicted by compound nucleus theory and ii) slowly 
decreasing tails of the excitation functions. The HI reactions may be understood in 
terms of an interaction potential between the centre of mass of the two colliding nuclei 
consisting of a repulsive Coulomb, short range attractive nuclear and centrifugal 
potentials. Such reactions have fwxjvided a unique way of populating and stixhing a 
system of nucleons under extreme degrees of freedom such as angular momentum and 
excitation energv. At energies from around the Coulomb barrier to well above it. the 
complete fusion (CF) and iiKomplete fusion (ICE) reactions, along with PE-emission 
have been foimd to have significant contribution in HI induced reactions[l-4]. hi case 
of CF the irKident jMX)jectile fuses with the target nucleus to form a compound 
nucleus, wiiile. in case of ICF only a part of the projectile fuses with the target nucleus 
and the rest moves in the beam direction with almost the same velocity as that of 
incidmt ion beam. 
In order to stud> the reaction mechanism in light and heavy ion induced reactions 
a iMX)gram of iwrecise measurement and analysis of EF's in a large number of systems 
has been undertaken. Measurement of a large number of EF's of reactions induced by 
light ions (proton and a-particles) have akeady been reported elsewhere[5-9]. In the 
present work the EF's for the reactions '-^e( '-CJn)'^^'\:e. '-*Te('-C.5n)'-^''Ce. 
'-*Te('-C.r>;n)'^-'La. '-*Te('-C.a3n)^^^-Ba. '-*Te('-C.a5n)'^'Ba. and 
'-*Te('-C.a4im)'^'"Te measured in the energy range *42-82 MeV. using activation 
technique have been jHesented. The experiment has been f)erformed at the Nuclear 
Science Centre (NSC). New Delhi. India. The analysis of the measured EF's has been 
carried out using the computer codes CASCADE[10] and ALICE-91[11]. The code 
CASCADE performs pure statistical calculations wliile the code ALICE-91 takes 
compound nucleus as well as PE-emission into account. Comparison of experimentally 
measured EF's with theoretical calculations indicates, in some cases, contribution to 
the reaction cross-sections from ICF also. The comparison of experimental data with 
ALICE-91 calculation has also indicated significant contribution from PE-emission at 
higher energies. It may. however, be pointed out that these codes do not take ICF into 
consideration. Details of the experiment are given in section II. wiiile the analysis of 
the data is given in section III of this paper. 
n. EXPERIMENTAL 
The experiment has been carried out at the NSC. New Delhi. India. In the 
iwesent work stacked foil activation technique has been used for measuring the EF's. 
Further details of the experiment are given in this section. 
A. Sample preparation 
The samples of enriched isotopes of '"*Te (87%) were prepared by vacuum 
evaporation technique. The ''^Te material was deposited on the Aluminum (Al) 
foils of thickness 6.75 mg/cm'. The thickness of the samples was measured bv 
determining the energy loss suffered by 5.486 MeV a-particles from "^'Am source 
while traversing through the target material. The measured thickness of the '-*Te 
deposition was found to be 5K).92 mg/cm". In the jM^sent case the Al backing served 
as energy degrader as well as backing material. The samples were pasted on 
aluminum holders having concentric holes of 10 mm diameter. Al-holders were 
used for r^ id heat dissipation and for keeping identical geometries for irradiation 
and coimting. 
B. Irmdiation 
A stack of four samples {xepared as mentioned above was irradiated by '"C"^ 
beam of ener^ 82 MeV obtained fix)m the 15 UD Pelletron accelerator at the NSC. 
New Delhi. India. The irradiation was performed in the General Purpose Scattering 
Chamber (GPSC). having in-vacuum transfer facilitv. The samples in stack were 
arranged svKh that the '"*Te material faced the beam, so that the recoiling nuclei 
may be tra^^ped in the Al backing. The stack w^s irradiated for neariy six hours 
keeping in \iew the half-lives of interest. Beam current of *:10 pnA behind the target 
assembly was measured with an electron suj^ Mressed Faraday cup. The total beam 
fluence was found to be 1253 jiC. The incident energy of ^~C beam on each foil in 
the stack was calculated from the energy degradation of the initial beam energv 
using the stopping power values of '"C-ion in Te and Al materials from the tables 
of NOTtiicliffe and Schilling [12]. 
C. Formubition 
If Nn numbers of target nuclei are irradiated by the beam of flux ^ then the 
cross-section ar for the pwroduct nuclei of interest may be given by. 
ar = [A^ exp(At,)J/fNn</>mCJG£)x{].exp(-At^}{l-exp(-A:j}J 
Where. J is the total count accumulated in time to. k is decay constant for residual 
nucleus, t, is the time of irradiation, t, is the time elapsed between stop of irradiation 
and start of counting. Gs is the geometry dependent efficiency of the detector. 0 is 
the branching ratio of characteristic y-rays and iK^  is the correction term due to self 
absorption of y-radiation. 
D. Measurement 
The activities indvKed in the irradiated samples were followed for about a 
week using High Purity Germanium (HPGe) detector of 100 c.c. active volume 
coupled to a PC through CAMAC based FREEDOM software[13]. The sample-
detector distance for the counting was adjusted depending on the intensity of the 
induced activities so that dead time of counting is always <10%. Proper correction 
for dead time is taken into accoimt. The HPGe detector (resolution 2 keV for 1.33 
MeV y-ray of ^Co) was pre-cahbrated using various standard sources like ~Na. 
"^Mn. "^*^Co. '"''Ba. '^ ^Cs and '^ "Eu at different source-detector separations. The 
geometry dependent efficiencies at various source-detector distances were measured 
using '"^ "Eu source. A typical geometry' dependent efficiency curve as a fimction of 
the y-ray energy is shown in Fig. 1. The residues produced in various reactions 
were identified by their characteristic y-rays and half-lives. The y-ray ^jectnim of 
each irradiated foil was recorded at increasing times and analysed in order to 
identify the photo-peaks of the interest Typical y-ray spectra of '"*Te irradiated by 
'"C^ ion at 70.8 MeV and 82.0 MeV are shown in Figs. 2 and 3. respectively. In 
some cases the same residual nucleus may be popnilated through more than one 
reaction channels i.e.. by the activation due to irradiation and also bv the decav of a 
higher charge isobar precursor nucleus through P" emission or electron capture, hi 
such cases, the intensity of characteristic y-rays has contributions from all such 
channels. For such cases, the cumulative cross-section has been determined. 
Radioactive im)perties of various residues imxiuced by different reactions are given 
in Table 1. 
Experimentally measured cross-sections at different energies for the reactions 
'-^e('^C3n)'^'"Ce. '-*Te('-C.5n)'^-'Ce. •-*Te(''C.p4n)'^i^ '-*Te('-C.a3n)'^^"^ 
^-*Te('-C.a5n)'^*Ba- and '-^e('-C.a4pn)'^'"*Te are given in Table 2. The errors 
mentioned in the cross-section values are the overall errors due to several factors as 
given in the following. 
£. Uncertainty in Measuranents 
Each experiment may have some uncertainty in its measurements. Some of the 
factors likely to introduce errors in the iM^sent measurements are given below. 
(1) Uncertainty in determining the geometry dependent detector efficiency. 
The statistical errors of the counting of the standard sources may give rise to the 
error in efficiency, which was minimised by accumulating large number of the 
coimts for comparatively larger times (=s5000-7000 sec). Experimental data on the 
variation of geometry dependent efficiencies with the y-ray energy at a fixed source-
detector distaiKe has been fitted with power law curve. The uncertainty due to 
fitting of the eflBciency curve is estimated to be < 3%. Uncertainty in determining 
the efficiency may also come up due to the solid angle effect because the irradiated 
samples were not point sources like standard source, but they had a diameter of =4 
mm. A detailed analysis of the solid angle effect is given in reference [14]. It is 
estimated that the error in the efficiency on account of soUd angle effect is < 6%. 
(2) There may be imceitainty in determining the nimiber of target nuclei in 
sample due to inaccurate estimate of the foU thickness and non-uniform deposition 
of the target material. It is estimated from the thickness measurements at different 
locations of the same sample that error due to non uniform deposition is expected to 
be < 1%. 
(3) Error may come up due to fluctuations in beam current during the 
irradiation. Although, care was taken to keep the beam current constant within 
10%. It is estimated that beam fluctuations may introduce an error of <3%. 
(4) During irradiation of the stack, the beam traverses the thickness of the 
material, thus the initial beam intensity reduces. It is estimated that the error due to 
decrease in beam intensity is expected tobe<2%. 
(5) In all these measurements the dead time is kept less than 10% by suitably 
adjusting the sample-detector distance and the corrections for it was applied in the 
counting rate. 
Further, the uncertaiaties in the Inanching ratio, decay constant etc.. which 
are taken from Nuclear Data Tables. Data sheets arid Table of Isotopes etc.. have 
not been taken into account 
m . RESULTS AND DISCUSSION 
With the view of studymg the CF and ICF of hea%y ions. EFs for six reactions 
induced in '"C+'"*Te system have been measured in the energv range ^42.2 to 82.0 
MeV. The EF's for ''^c{'-C3nf"Xc. '-"ici^'C^nfCc, '-*Te('-C.p4n)'^^ 
''*Te(*-C.a3n)*^^*°Ba. '-*Te('-C,a5n)'^'Ba and '^*Te('-C.a4pn)'^'"*Te reactions have 
been measured using the activation technique and calculated using statistical model 
codes. To the best of our knowledge EF's for these reactions are being reported for 
the first time. The Coulomb barrier for the system '"C+'~*Te is * 40J2 MeV. 
Experimentally measured and theoretically calculated EF's for all the reactions 
measured presently are given in Figs. 4-9. The vertical error bars in the experimental 
data rejHesent the overall errors in the measured cross-section values as discussed in 
section n.E of this paper. The size of the circle includes the uncertainty' in the 
incident eneig\. A detailed description of the models and computer codes is given 
elsewhere[15]. however, for the sake of completeness iMief details of the codes used 
are given in the folloA i^ng parts. 
A. Analysb 
The analyses of EF's have been performed using two different computer codes 
viz.. CASCADEIIO] and AL1CE-91[11]. The code CASCADE is purely statistical in 
nature, while the code ALICE-91 includes PE-emission also. However. ICF is not 
considered in calculations done by both these codes. Further details of calculation and 
the parameters involved are discussed in the following parts for each code 
re^jectively. 
1. Analysis with code CASCADE 
The code CASCADE[10] is based on Hauser-Fe^bach theory[16] and does not 
consider the possibility of ICF and/or PE-emission. In this code the level density' 
parameter a of the compound system, the ratio of actual moment of inertia of the 
excited system to the rigid body moment of inertia Fg and level density parameter at 
the saddle point Of are some of the important parameters. The transmission 
coefiBcients. in these calculations are generated using the optical model potentials of 
Becchetti and Greenlees[17] for neutrons and {xotons and that of Satchler[18] for a-
particles. Fermi gas model is used in this code to calculate the level density 
parameter a for the product nuclei, using the exjMression a=AK. where. A is the 
atomic mass number and A]^  is the parameter. The default value of AT is 10. however, in 
the jHesent work, the calculations have been done by varying the values of K. from 
10 to 14. The effect of variation in the values of AT on the calculated EF's is shown in 
Figs. 4. As can be observed fix)m these figures. K=14 is found to reproduce the data 
satisfactorily, in general. The value of parameter Fe has been varied fit)m 0.55 to its 
default value 0.85. The effect of variation in parameter Fg on calculated EF's is also 
shown in Figs. 5. and is foimd to have negligible effect on calculated EF's for 
reactions under investigation. This code also takes into account fission chaimel. The 
level density parameter Of at the saddle point may be obtained from the relation 
af=ADAF. wliere. ^  is the mass number of the nucleus and D^F is a parameter wliose 
default value is equal to 8. The parameter DAF is foimd to influence the calculated 
EF's considerably. As such the influetKe of variation of DAF. from 8 to 11 on 
calculated EF's has also been studied. The resulting EF's using these values of 
parameters DAF =(8-I1}. K=I4 and Fff=0.55 are shown in Figs. 6. A value oi DAF=II 
gives a good agreement, in general with experimental data even in the peak region. As 
can be seen fix)m these figures that the EF's for reactions '•*Te(''CJn)'^^Te. 
'-*Te('-C.5n)'^-^Ce and •-*Te('-C.p4n)'^-^La are qualitatively in good cigreement with 
theoretical calculations done with code CASCADE in the peak region. The higher 
values of experimental cross-sections in the tail portion of EF for reaction 
'•*re('"CJn)'^^"te (Fig.6a) as compared to the theoretical calculations may be 
attributed to the PE-emission which is dominant mode of reaction at higher energies 
and is not considered in the CASCADE calculations. In case of ^^*Te(^-C.5n) channel 
the experimental data is satisfactorily repwxxiuced by CASCADE calculations as is 
indicated in Fig. 6(b). This indicates that at 82 MeV excitation energy, there is 
negligible contribution from PE emission in (C.5n) channel. This is expected as PE 
emission is more likely in the first step of de-excitation and leaves the residual system 
in an excited state from where emission of 4 neutrons is less likely. However, the 
emission of 2 neutrons leading to (C3n) channel is quite possible. It may. however, be 
pointed out the PE-emission in (C.5n) channel may appear at still higher excitation 
energies. The calculations done for the reactions '"*Te(''C.a3n)''"'"^ and 
'•*Te('~C.a5n)''''Ba are not in good agreement with experimentally measured EF"s. 
they rejMroduce only the quahtative trend of the measured EF's. One of Ae plausible 
reason for this discrepancy may be the large contribution of ICF in these cases. In 
Fig. 4(f). the calculations done using code CASCADE are not plotted as theoretical 
calculations give cross-section values less than 0.1 mb at energies of interest for the 
reaction '"*Te('^C.a4iMi)''''°^e. It may indicate that ICF is the dominant naode of 
reactions for this channel at these energies. 
2. Analysb with Code ALICE-91 
The code ALICE-91 [11] has been developed by M. Blann. to account for the 
equililMium (CN) as well as PE-emission in light and heavy ion reactions. The CN 
calculations in this code are performed using Weisskopf-Ewing model, wiiile PE 
component is simulated using Hybrid/Geometry Dependent Hybrid model [19]. In this 
code the level density parameter a. initial exciton nimiber no and the mean free path 
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nwltiplier COST are some of the important parameters. The level density parameter a 
mainly affects the equilibrium component while the initial exciton number m and 
mean free padi multiplier COST govem the PE- component. The level density 
parameter a is calculated from the expression a=A/'K. where. AT is a parameter which 
may be varied to match the experimental data. Calculations have been performed with 
different values of these parameters. The effect of variation of the parameter K on 
calculated EF's is presented in Figs.7. As can be seen from these figures, in the 
jxesent calculations, a value of K=I8 and COST=2. in general, satisfactorily 
repKoduce the experimental data for all the reactions. 
In the hybrid model the intermediate states of the system are characterised by the 
excitation energy E and number np of excited particles and n* of excited holes. 
Particles and holes are defined relative to the ground state of the nucleus and are 
called excitons. The initial configuration of the compound system defined by the 
exciton number no=np+nk is an important parameter of PE formalism. It is of 
particular interest to look for the initial exciton nimiber required to reproduce the data. 
In order to see the effect of variation in the values of the initial exciton number no. on 
calculated EF's. calculations for different initial exciton configurations were 
performed. As a repMiesentative case, these calculations for the reactions 
'-*Te('-C3n)'^"^:e. and '-*Te('-C.a3n)'^^"*Ba for no-12 (6p-6n+0h) and m=14 
{6p+7n^lh) are shown in Figs. 8. respectively. It may be seen from these figures 
that lower value of initial exciton nimiber. in general, gives larger PE contributions as 
expected. It is because of the fact that lower value of no means larger nxraiber of two-
body interactions prior to the establishment of equilibrium characteristic of CN 
resulting in larger PE contribution. Further, it has been foimd that the parameter COST 
does not influeiKre the calculated EF's considerably. As a rejMesentative case the 
eflFect of variation of parameter COST on the calculated EF for the reaction 
'^e('-C-3n)'^^"te is shown in Fig.9. 
Further, it may be pointed out that the maxima of the measured EFs were 
found to peak at energies higher than the corre^wnding calculated EF's. This is 
expected, since in ALICE-91 calculations the angular momentinn effects have not 
been taken into accoimt In HI induced reactions iiKident particle imparts relatively 
larger angular momentum to the composite system. If. in the last stages of nuclear 
de-excitation, higher angular momentum inhibits particle emission more than it does 
y emission, then, the peak of EF's corre^wnding to the particle emission mode will 
be ^lifted to higher energies[20]. The effect is more fKonounced in HI reactions as 
compared to the light ion reactions, since the rotational energy is much greater in case 
of HI reactions. An estimate of the possible diift due to angular momentum effects 
may be made from the nuclear rotational energy £„». For a rigid body moment of 
inertia Erw^fn^M)Eiab- wiiere mIM is the ratio of the projectile and the target nucleus 
masses and Eiab being incident energy[20]. In the present case at incident energies 
42J2 to 82 MeV. the rotational energies vary from 3.9 to 7.7 MeV. Since the angular 
momentum effects have not been considered in the Weisskopf-Ewing calculations of 
jMiesent version of code ALICE-91. it is desirable to ^lift the calculated EF's by the 
amoimt approximately equal to £„„ as calculated above. It has been observed that the 
ALICE-91 calculations satisfactorily reproduce the experimental data >^ien the energ\' 
scale of the calculated excitation functions are diifted by re^jective Erot values. The 
aihancement of cross-sections in the measured EF's for the reactions 
''*Te{'-C.a3n)^^^"'Ba. •^e<'-C.a5n)'^'Ba and ^-*Te('-C.a4pn)'^'"Te. in general, as 
compared to the theoretical predictions can be attributed to the fact that these channels 
may be populated not only by the CF of '"C but also may have a significant 
contribution of ICF of *Beora of' 'Cwith'-*Te.It may. however, be noted that for 
^-*Te<''C.a3n)'^^°^ reaction, measured cross-section value at energy =5422 MeV is 
larger than what is predicted by the calculations. At jwesent we can iK)t assign any 
^jecific reason for this. 
The reaction ''^Tei^'Con) jKoduces residual isotope '"^Ce which has both the 
ground (ti/2=9h) as well as metastable state (ti/3=1.43d). The metastable state '"^"Ce 
decays to ground state by the emission of 2542 keV (11%) y-ray. Since, the " Ce 
emits y-ray of very low intrasities. it could not be observed. As such, contribution of 
only metastable state '"^"^e has been measured. In the {xesent case the residue '"T-a 
may be produced independentiy via the reaction ('"C.p4n) and the same residue 
( '^^ La) may also be produced by ^ decay of its higher charge isobar jHecursor (^^'Ce) 
(Koduced via ('"C.5n) reaction. The independent yield of * '^La could not be measured 
in the jxesent analysis because the half-lives of the residue '^'^ La aixi its precursor 
'""Ce are not very much different {19.8 h and 17.7 h respectively). However, in such 
cases, formulations developed in reference[21] may be followed, according to wtiich 
the ratio of the activities of the parent ('""Ce) and the daughter ('"Ya) having nearly 
same half-lives would increase linearly for some time. Using these formulations, the 
yield of '^ "^ La via the jwecursor decay of '""Ce has been found to be less than 1 mb at 
82 MeV. The experimentally measured cross-sections for the reaction ('*C.p4n) 
contain the contribution of precursor decay also. The reaction '"*Te('•C.a4pn) 
produces both the ground stale '^ ^Te (ti/2 =25 min) as well as isomeric state '^ '°*Te 
(ti/2 =12 d). The isomeric state decays to ground state. SiiKe. the counting of the 
irradiated samples was started after considerable delay due to the high activity of the 
samples, the '^'Te ground state contribution could not be separated for (^"C.a4{m) 
reaction. 
IB 
rV. Condusions 
In Ae jwesent analysis EF's for six reactions have been measured and compared 
with theoretical jxedictions based on codes CASCADE and ALICE-91. In general, 
satisfactory agreement with experimental data and theoretical calculations is obtained 
with FHt>per choice of parameters. The high energy part of the excitation function for 
the reaction '"*Te<^"C3n)'^^"Ce could be satisfactorily rej^oduced by theoretical 
calculations only by code ALICE-91. which takes into account PE-emission. The 
high energy region of ('"C3n) EF could not be rei«)duced by codes CASCADE as 
in this code PE-€mission has not been taken into account Further, the EF's for the 
reaction channels which may have contribution fit)m ICF also are generally not 
satisfactorily reproduced by theoretical calculations because these codes do not 
consider ICF into account. The discrepancy between experimental and theoretical 
calculations may be partly attributed to the ICF. From the comparison of 
experimental data with theoretical calculations, it may be inferred that reaction '"*Te 
('•C.a4[Mi)''''"Te takes place mostly via ICF only. It may. however, be pointed out 
that the residual nucleus '^'"Te prodiKed in this reaction may also be populated via 
deep inelastic coUision from ' ^ e isotope which is jwesent in the target because of 
87% enrichment of '"*Te. The relative abundance of ' ^ e isotope is expected to be 
*6% and since deep inelastic collision is likely to dominate at higher iiKident 
energies, the contribution from deep inelastic colUsion is expected to be very low. As 
such most of the measured cross-section from the reaction '"*Te('"C.a4pn)'^'"*re is 
likely to be due to ICF. h may be pointed out that the relative conttibutions of CF 
and ICF could not be separated from the j^esent analysis. However, this separation 
may be done by measuring the recoil range distribution (RRD) of residues produced in 
CF and ICF reactions. 
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Table Captions 
Table.1 Radioactive properties of residues identified. 
Tabled Measured cross-sections for jwoduction of residual isotopes in 
system 
Figure Captions 
Fig. 1 Typical geometry dependent efiBciency as a fimction of y-ray energy. 
Fig. 2 Typical y-ray spectrum of '^ *Te irradiated by '"C""" ions at iiKident 
energy 70.8 MeV. 
Fig. 3 Typical y-ray spectrum of '^ *Te irradiated by '"C"^ ions at irKident 
energy 80.0 MeV. 
Fig5.4 Experimentally measured and theoretically calculated excitation 
fimctions using code CASCADE. Effect of variation of level density 
parameter constant (K) on calculated excitation fimction with FeK).65 
jind D.\f=8 is also diown in these figures. 
Figs. 5 Experimentally measured and theoretically calculated excitation 
fimctions using code CASCADE. Effect of variation of parameter Fe 
on calculated excitation fimction with K= 14 and DAF=8 is also sho^ "^n 
in these figures. 
Figs. 6 Experimentally measured and theoretically calculated excitation 
fimctions using code CASCADE. Effect of variation of parameter DAF 
on calculated excitation fimction with K= 14 and Fe =0.65 is also shown 
in these figures. 
Figs. 7 Experimentally measured and theoretically calculated excitation 
fimctions using code ALICE-91. Effect of variation of level density 
parameter (K) on calculated excitation fimction with initial exciton 
number no=12 and mean fi-ee path multiplier C0ST=2 is also shown in 
these figures. 
Figs. 8 Experimentally measured and theoretically calculated excitation 
functions using code ALICE-91. Effect of variation of parameter no on 
calculated excitation function with K=18 and mean fiee path multiplier 
C0ST=2 is also ^lown in these figures. 
Fig. 9 Experimentally measured and theoretically calculated excitation 
fimctions using code ALICE-91. Effea of variation of parameter COST 
on calculated excitation function with K=I8 and no =12 is also showB 
in these figures. 
Table. 1 
Isotope 
58Ce 
58Ce 
57La 
56Ba'^ -'" 
56Ba'^ ' 
Half-life 
1.433 d 
17.8 h 
19.8 h 
1.62 d 
11.8d 
30 h 
- I 
J 
11/2-
1/2* 
5/2* 
11/2' 
1/2' 
3/2* 
E.(keV) 
2542 
206.5 
265.5 
300.0 
518.0 
572.3 
606.7 
783.6 
871.3 
480.5 
276.1 
216.0 
240.9 
Abundance 
(%) 
11.0 
7.8 
42.0 
22.7 
13.4 
10.5 
19.3 
10.5 
3.1 
11.0 
17.5 
20.0 
7.6 
Tabled 
Energy 
(MeV) 
42-2±1.4 
57.7±1.2 
70.8±1.0 
82.0±0.9 
(mb) 
14.4±1.7 
114.3±13.0 
18.2±2.3 
8.9±1.3 
(mb) 
1.7±0.7 
2.210.7 
208.2±22.0 
292.7±32.0 
(mb) 
-
1.2±0.1 
56.1+6.2 
82.4±9.1 
(mb) 
0.08±0.01 
7.8±0.8 
43.6±4.8 
37.6±4.2 
a(Ba'^') 
(mb) 
-
-
0.73+0.17 
7.1±0.8 
a(Te'^"^ 
(mb) 
4.4±0.4 
4.910.5 
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